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Abstract
Andésite dominated volcanic systems produced during regional crustal 
extension remain a relatively unexplored aspect of andésite petrogenesis. In the 
southern Basin and Range province, thick sections of andésite and basaltic 
andésite have been documented in areas including the Piute Range, California, 
the Eldorado Range, Nevada, and the McCullough Range, Nevada. The 
northern McCullough Range, located 20 miles south-southeast of Las Vegas, is an 
ideal place to study the petrogenesis of an andésite dominated system. This area 
contains a mid-Miocene stratocone composed mainly of a 1200 m thick section of 
andésite flows that formed synchronous with regional extension.
The northern McCullough Range andésites are calc-alkaline and contain 
phenocrysts of olivine, clinopyroxene, and plagioclase. Although the andésites 
are similar in major element chemistry, they exhibit wide variations in trace 
element chemistry. Resulting trace element Harker diagrams show considerable 
scatter and no discernible petrogenetic trends. On ^^Sr/Sôgr and 8ncI isotope 
plots, however, andésites fall into 3 distinct groups: group A (®^Sr/^^r=0.70758 
to 0.7077; SNd~6.2 to -6.9), group B (87Sr/ 86gr=0.7081 to 0.7083; G[\jd=-6.7 to - 
7.4), and group C (^^Sr/ 8%r=0.70897 to 0.70904; Si\fd=-8.8 to -9.8). Chemical 
variations and petrogenesis were assessed using fractional crystallization, 
assimilation and fractional crystallization, magma recharge, and magma mixing 
models. Geochemical variations, isotopic data and petrogenetic modeling 
suggest that the andésites in the northern McCullough Range formed primarily
111
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from mixing together several different andesitic sources (represented by isotope 
groups A, B, and C) that are similar in chemistry but isotopically distinct. This 
proposed model involving mixing of different andesitic end members explains 
the andésite dominated section observed in the McCullough Range and provides 
an alternative explanation for andésite petrogenesis in extensional terranes. A 
preliminary study of Xitle volcano in central Mexico shows similarities to the 
McCullough Range results. It is possible, therefore, that the petrogenetic model 
developed in the northern McCullough Range may be applied to extensional 
environments in other areas of the world.
IV
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Chapter 1
Introduction
Calc-alkaline andésites* are a common rock type in continental arcs, such 
as the Andes and the eastern Aleutians, and in continental regions that have 
undergone regional extension such as the Basin and Range province of the 
southwestern United States. Previous research on andésite petrogenesis focused 
on volcanic fields in magmatic arcs associated with subduction processes; this 
literature is extensive (Gill, 1981; Luhr and Carmichael, 1985; Grove and Kinzler, 
1986; Kay et al., 1993; Yogodzinski et. al., 1994). Few authors, however, 
specifically addressed the origin and evolution of calc-alkaline andésites 
produced during regional continental extension, although some noted the 
formation of calc-alkaline rocks during extension in magmatic arcs and back-arc 
basins (Hughes, 1990; Lange and Carmichael, 1991). The origin of andesitic 
magma produced during continental extension, therefore, remains a relatively 
unexplored topic.
Volcanic sections in extended terranes that are dominated by calc-alkaline 
andésite are relatively common. In the southern Basin and Range, for example.
*For clarity of discussion throughout this thesis, andésite will be used in the 
broad sense and includes high silica basalt, basaltic andésite, and andésite, all 
within a silica range of 50 to 60 wt. %.
1
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nearly 6000 meters of andésite crop out in the Eldorado Range, Nevada 
(Anderson, 1971); 1200 m in the Piute Range, California (Nielson et al., 1993); and 
1200 m in the northern McCullough Range, Nevada (Hewitt, 1956; Bridwell, 
1991). However, these andésite sections have not been studied in detail. The 
assumption that the mineralogy and chemistry of the andésites are not 
sufficiently variable to model petrogenetic processes may have discouraged 
studies on these andésite dominated sections. Instead, studies have emphasized 
the more compositionally variable volcanic systems where andésites contribute 
only a small volume to the whole volcanic section (McMillan, 1986; Smith et al. 
1990, Metcalf et al., 1993b).
This thesis evaluates and develops models to explain the andésite 
dominated sections produced during extension in the southern Basin and Range 
province. It also determines the applicability of these models to other 
extensional settings. Four existing models have traditionally been used to 
explain the petrogenesis of calc-alkaline andésites:
(1) Crustal contamination: Many workers call upon contamination of mantle 
derived mafic magmas by crustal material to explain the geochemical signatures 
of calc-alkaline rocks. Crustal contamination is the traditional model used to 
explain andésite production in continental arcs (Gill, 1981). DePaolo (1981) 
suggested tliat the latent heat released by simultaneous crystallization may 
provide much of the large input of heat required to assimilate crustal material in 
a magma. Grove and Kinzler (1986), however, use thermodynamic calculations 
to suggest that the amount of crustal material and thermal energy needed to 
produce significant volumes of rocks with andesitic composition from a basaltic
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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magma by contamination or assimilation violates simple heat budget 
calculations.
(2) Magma mixing; Koyaguchi (1986) suggested mixing of mantle and crustal 
derived magmas as a mechanism for the production of intermediate calc-alkaline 
rocks. More specifically, studies in the Basin and Range province focused on the 
evolution of calc-alkaline magmatism in extensional tectonic settings and 
demonstrate the importance of magma mixing in the petrogenetic process (Cans 
et. al, 1989; Larsen, 1989; Glazner, 1990; Smith et al., 1990; Metcalf et al., 1993b; 
Metcalf et al., 1995). Magma mixing explains some compositionally variable 
magmatic systems, but it may not be reasonable to apply this process to systems 
of compositionally similar magmas.
(3) Direct melting of the mantle: Calc-alkaline andésites may also form directly 
from the mantle in a two step process (Grove and Kinzler, 1986). The first step 
involves partially melting mantle peridotite to produce tholeiitic basaltic 
magmas. In the second step, crustal-level fractional crystallization of the basaltic 
magma under high pressure conditions results in andésite formation (This 
process is discussed in detail in Chapter 5).
(4) Magma recharge: Reagan et al. (1987) proposed a model involving magma 
recharge to explain the generation of andésite. Monitoring of open-system 
differentiation at Arenal volcano in Costa Rica suggested that continuously 
erupting andesitic volcanoes directly tapped middle to lower crustal chambers 
that were replenished periodically by new magma. Recharge models may 
provide an explanation for the production of thick sections of andésite flows.
Testing the models required the selection of two areas for study; one in 
the Northern Colorado River Extensional Corridor (northern McCullough 
Range) and the other in central Mexico (Xitle volcano). Andésite lavas of the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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northern McCullough Range are well exposed, relatively unaltered, and were 
chosen as the prime study area for this project. The 48 km^ field area in the 
northern McCullough Range is 32 km south-southeast of Las Vegas and contains 
a stratocone composed of thick sections of andésite flows that are locally overlain 
by dacite and rhyolite flows and domes (Hewett, 1956; Smith et al., 1986; Smith et 
al., 1988) (Figure 1). A steep, east facing escarpment provides an excellent 
exposure of the Tertiary volcanic section (Figure 2). The stratocone is Miocene in 
age (between 16.7 and 13 Ma, P.B. Cans and J.E. Faulds, unpublished ^OAr/^^Ar 
dates on biotite) and evolved during a time of regional extension (Weber and 
Smith, 1987).
The study of Xitle volcano compares petrogenetic processes and helps test 
the global applicability of the models. Located in the central Trans-Mexican 
Volcanic Belt (TMVB), Xitle volcano is a cinder cone composed mainly of 
andésite. The cone is approximately 2000 years old (H. Delgado, dates, 
personal commun.) and formed in an area of the TMVB that is simultaneously 
undergoing extension and subduction (Allan, 1981; Sheridan and Macias, 1992).
Evaluation and development of models in the northern McCullough 
Range field area involved two steps: m apping the area to establish the 
stratigraphy and framework for geochemical sampling and conducting a 
geochemical study. Although controversial, a stratigraphy of Xitle volcano is 
established, so this study only involved sampling and geochemical analysis.
The major contributions of this thesis are: (1) the determination of the 
stratigraphy in the northern McCullough Range (Chapter 3), (2) the construction 
of a model for the petrogenesis of the andésites and related rocks in the northern 
McCullough Range (Chapters 4 and 5), and (3) a comparison of processes that
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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form andésites in the northern McCullough Range with those associated with 
Xitle volcano (Chapter 6).
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Figure 1. Location map o f the thesis area in the northern McCullough Range and 
selected calderas, plutons, and other volcanic centers in the Las Vegas-Lake Mead area. 
AW -NP-KC= Aztec Wash, Nelson, and Keyhole Canyon plutons; BCP=Boulder City 
pluton; DP=Devil's Peak; HCV=Hamblin-Cleopatra volcano; HC=Henderson caldera; 
HDC=Hoover Dam caldera; M PC=M cCullough Pass caldera; MP=Mt. Perkins pluton; 
RPP=Railroad Pass pluton; SS=Sloan Sag; TM=Table Mountain; WRP=Wilson Ridge 
pluton. The Dolan Springs volcanic field referred to in the text is located in the 
southern W hite Hills, northwestern A rizona approximately 15 km east o f  the Mt. 
Perkins pluton. Senator Mountain is located approximately 15 km north o f  the Dolan 
Springs volcanic field. References for locations in text.
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Chapter 2
Geologic Background and Regional Geology
The McCullough Range 
The McCullough Range lies in the southern Basin and Range province 
near the western border of the northern Colorado River extensional corridor 
(NCREC) (Howard and John, 1987; Faulds et al., 1990). The McCullough Range 
trends north-south and extends from the New York Mountains in California to 
the city of Henderson in the Las Vegas Valley (Figure 1). Hewett (1956) and 
Longweil et al. (1965) first described the geology of the McCullough Range. The 
southern part of the McCullough Range consists of Precambrian igneous and 
metamorphic rocks. A Tertiary volcanic section in the central part of the range 
overlies Precambrian basement. The northern part of the range consists 
primarily of Tertiary volcanic rocks exposed on a prominent 600 to 1,000 m high 
east-facing escarpment (Figure 2).
The Tertiary volcanic section in the northern part of the McCullough 
Range comprises andésite flows which are overlain by dacite domes and flows in 
some areas, and in turn, overlie an older section of dacite domes, flows and 
andésite flows in other localities. Andésite flows are potentially correlative with
8
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both the Eldorado Valley Volcanics * (Patsy Mine equivalent; 18.5-15.2 Ma), and 
the Hidden Valley Volcanics that crop out in the central McCullough Range 
(Mount Davis equivalent; 15.2-12 Ma) (Schmidt, 1987) (Figure 3). In the central 
part of the McCullough Range, it is easy to distinguish these units because the 
Tuff of Bridge Spring (TBS), a distinctive marker unit dated at 15.23 Ma, 
separates the units (Bridwell, 1991). The TBS, does not extend into the northern 
McCullough Range, so it is difficult to identify the contact between the Eldorado 
Valley and Hidden Valley Volcanics and even to determine whether both units 
crop out in the northern McCullough Range. In the past, however, both units 
were assumed to be present. The contact between them was placed at a 
prominent break in slope that lies about two-thirds of the way up from the base 
of the slope, and the units were distinguished by differences in the degree of 
alteration (Figure 2). Highly altered andésite flows in the lower part of the 
section were correlated with the Eldorado Valley Volcanics. The upper part of 
the section is relatively unaltered and was correlated w ith the Hidden Valley 
andésites (E.I. Smith, person, commun.).
Dikes that vary in composition from dacite to andésite intrude the lower 
two thirds of northern McCullough Range volcanic section, but are not present in 
the upper third of the section. The dikes are generally thin (<10 m) and fine 
grained. In the northeastern part of the field area, num erous dikes cut the lower 
part of the section, but because of the high density of dikes, the host rock is 
difficult to identify (Location A, Figure 4 and Plate 1). The Boulder City-Railroad 
Pass Pluton crops out east of the dike swarm (Longweil e t al., 1974; Smith, 1982).
'Although the use of volcanics in this sense is grammatically incorrect, the 
Eldorado Valley Volcanics and the Hidden Valley Volcanics are the formal 
names for these units (Anderson, 1971).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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The possible petrogenetic relationship of the dike swarm and pluton to the 
volcanic section is unknown. Hydrothermal fluids related to the emplacement of 
this pluton and dike swarm possibly caused the heavy alteration of the andésites, 
particularly in the lower part of the section.
Previous workers identified volcanic source areas in the McCullough 
Range to the north, south, and southwest of the field area (Figure 1). The 
Henderson Caldera to the north is superimposed on tilted and eroded andésite 
flows (Smith et al., 1993). The McCullough Pass caldera to the south is the source 
of the McCullough Pass ash-flow tuff (Schmidt, 1987). The McCullough Pass tuff 
is dated at 14.00 + 0.02 Ma (P.B Cans and J.E. Faulds, '^OAr/^^Ar on sanidine, 
unpublished data). Andésite and dacite domes and flows fill the Sloan Sag 
located to the southwest in the Hidden Valley area (Bridwell, 1991) (Figure 1). 
The Sloan Sag dacite was dated at 13.07 + 0.02 Ma (P.B Cans and J.E. Faulds, 
■^®Ar/3^Ar on biotite, unpublished data).
Faulting and upper crustal extension occurred in the northern 
McCullough Range from about 14.5 Ma until about 13 Ma (Smith et al., 1988).
The first evidence of extension in the area is a set of faults that cut and tilt the 
15.55 Ma Eldorado Valley volcanic rocks, but do not extend upw ard into the 
overlying McCullough Pass volcanic section dated at 14-13.95 Ma (P.B Cans and 
J.E. Faulds, ^9Ar/39Ar whole rock on andésite and sanidine, unpublished data). 
Another faulting event occurred during and after the eruption of the 
McCullough Pass volcanic section and the Hidden Valley section (13.07 to 13.95 
Ma). However, dacites dated at 13.07 Ma (P.B Cans and J.E. Faulds, unpublished 
data) are untilted and unfaulted. These observations suggest that faulting began 
after the eruption of the Eldorado Valley volcanic rocks (14-15.55 Ma) and ceased 
by about 13 Ma (E.I. Smith, person, commun.; Smith et al., 1988). Smith et al.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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(1988) noted that stratigraphie separation on individual faults is small in the 
northern part of the range (less than 20 m) but increases in the southern part of 
the McCullough range to 100 m. Although faults crop out in the McCullough 
Range, it is significantly less extended than nearby ranges (Weber and Smith, 
1987).
Other Nearby Volcanoes and Plutons 
Other volcanic centers within close proximity to the thesis area are the 
Hamblin-Cleopatra stratocone (Anderson, 1973; Thompson, 1985), the Call ville 
Mesa basalt field (Feuerbach, 1993), the River Mountains stratovolcano complex 
(Smith,1982), the Hoover Dam caldera (Mills, 1985), the Eldorado Mountains 
basaltic-andesite stratovolcano complex (Anderson, 1971), the Devil Peak 
intrusive rhyolite plug in the southern Spring Mountains (Walker et al., 1981), 
and Table Mountain, a dacitic eruptive center about 10 km north of Devil Peak 
(E.I. Smith, personal commun.) (Figure 1). Plutons in the area include: the 
Nelson, Aztec Wash, Keyhole Canyon plutons (Anderson, 1971; Faulkner et al., 
1995); the Mt. Perkins pluton (Faulds, 1995; Metcalf et al., 1995); the Boulder City 
pluton (Longweil et al., 1974); and the Wilson Ridge pluton (Larsen and Smith, 
1990; Metcalf et al., 1993b) (Figure 1).
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Figure 3. Stratigraphie column o f the central McCullough Range from Schmidt (1987) 
and Bridwell (1991). Equivalent stratigraphy in the Eldorado Mountains from 
Anderson (1971). '̂ ‘K r/ ^  dates (gray diamonds) on whole rock, sanidine, and biotite 
from P.B Cans and J.E. Faulds, unpublished data. Column modified from Smith and 
Faulds (1994).
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Figure 4. Simplified geologic map o f the field area in the northern McCullough Range 
containing specific locations discussed in text (bold letters enclosed in circles). Black 
stars show rock sample locations for geochemical analyses (e.g. A 1-3-94; M l-1-95). 
Qal=alluvium; Tffa=Fog Ridge andésite; Tfau=Farmer Canyon andésite (upper 
member); Tfal=Farmer Canyon andésite (lower member); Tcd=Colony dacite; Tica= 
Ivan Canyon andésite; pC=Precambrian basement. See Plate 1 for more detail.
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Chapter 3
Stratigraphy and Structural Geology of the Northern McCullough 
Range
Stratigraphy
Introduction
Correlating volcanic units in the northern McCullough Range with 
previously named units in the central and southern part of the range is 
problematic due to a lack of marker beds, dated units, and isotopic data. 
Although identification of the vent areas for most lava flows is difficult, andésite 
and dacite flows are not regionally extensive and probably erupted from local 
vents. Thus it is unlikely that volcanic units in the study area will correlate with 
other units in the region. Volcanic vents in the study area, however, may be age 
equivalent to other units in the region. For these reasons, I will apply new names 
to units in the northern McCullough Range.
In the central and southern part of the field area, the oldest Tertiary unit in 
the stratigraphie section consists of andésite flows that lie on the Precambrian 
basement (Figure 5). This andésite unit may be age equivalent to the Eldorado 
Valley Volcanics in the central and southern McCullough Range and the Patsy
14
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Mine Volcanics in the Eldorado Range and is here named informally the Ivan 
Canyon andésite. A thick section of dacite domes and flows and high-silica 
andésite flows overlies the Ivan Canyon andésite. This volcanic section was 
previously unrecognized and is here informally named the Colony dacite. The 
Ivan Canyon andésite and Colony dacite only crop out in the central and 
southern parts of the field area (Figure 4 and Plate 1). A thick section of andésite, 
debris flow deposits, and breccia makes up the lowest part of the volcanic section 
in the northern part of the field area and is here nam ed informally the Farmer 
Canyon andésite. The Farmer Canyon andésite is broken into two members 
based on changes in flow morphology, differences in phenocryst content, and 
differences in dike concentration. The members are referred to as the lower 
member of the Farmer Canyon andésite and the upper member of the Farmer 
Canyon andésite. Throughout the field area, a younger andésite section lies on 
both the upper member of the Farmer Canyon andésite and the Colony dacite. 
This section may be age equivalent to the Hidden Valley Volcanics in the 
McCullough Range and the Mt. Davis Volcanics in the Eldorado Range and is 
here informally named the Fog Ridge andésite (Figure 5). The unit names Fog 
Ridge andésite. Farmer Canyon andésite. Colony dacite, and Ivan Canyon 
andésite are all informal names used in this thesis. The following section 
contains a description of the units in the stratigraphie section in the northern 
McCullough Range from oldest to youngest. Point counts of representative 
samples determined modal mineral percentages (Appendix I).
Precambrian basement
Precambrian basement rock in the area is a coarse-grained red granitic 
rock containing large (up to 3 cm) potassium feldspar crystals and a biotite
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gneiss. The granitic rock appears to be intruding the biotite gneiss. Ivan Canyon 
contains the best exposure of basement rock (Location B, Figure 4). Coarse­
grained "Rapakivi" granites occur to the southwest of the thesis area near Beer 
Bottle Pass in the Lucy Gray Range and the central McCullough Range 
(Duebendorfer and Christensen, 1995). It is unclear whether the granite in Ivan 
Canyon is equivalent to the granite at Beer Bottle Pass.
Ivan Canyon andésite
The Ivan Canyon andésite consists of 5-10 massive andésite flows 
containing phenocrysts (21%) of plagioclase (50%; up to 1.5 mm), clinopyroxene 
(47%; up to 2 mm), and Fe-Ti minerals (3%; up to 0.25 mm). Weathered and fresh 
surfaces of the unit are dark gray in color. In Ivan Canyon (Location B, Figure 4), 
the andésite lies nonconformably on Precambrian basement. The contact zone 
between the Precambrian rock and the Ivan Canyon andésite is a 15 cm thick 
zone of cemented granite grus. Above this zone, the basal part of an Ivan 
Canyon andésite flow contains xenoliths of the Precambrian granite (Figure 6a). 
The Ivan Canyon andésite lies beneath the Colony dacite and increases in 
thickness from north to south (approximately 20 m to 50 m).
Colony dacite
The Colony dacite contains rhyolite to dacite flows and domes and high- 
silica andésite flows, but it is predominantly dacite. Dacites and andésites 
contain phenocrysts (20-26%) of plagioclase (70-75%; up to 5 mm), biotite (13- 
26%; up to 2.5 mm), Fe-Ti minerals (<3%), and clinopyroxene (0-<5%). Rhyolite 
(M23-1-95) contains phenocrysts (21%) of sanidine (71%; up to 6 mm), plagioclase 
(16%; up to 5 mm), Fe-Ti minerals (7%; up to 2 mm), biotite (5%; up to 2.5 mm).
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and clinopyroxene (1%; up to 1.5 mm). The presence of large and abundant 
biotite phenocrysts easily distinguishes the Colony rocks from other volcanic 
units in the section. One dacite flow (Ml-5-95) contains several basaltic xenoliths 
up to 8 mm in size, but generally xenoliths are rare.
Colony andésite and dacite flows are pink to dark gray on weathered 
surfaces; fresh surfaces are slightly darker in color. Flows are thick (up to 100 m), 
platy, and locally flow banded and autobreccia ted. Colony dacite domes are 
platy, pink to light gray in color on fresh and weathered surfaces, and slightly 
coarser grained than Colony flows. It is difficult to distinguish between flows 
and domes because Colony flows are so coarse-grained and structureless. The 
opposing dips of flow banding, however, allowed identification of one dacite 
dome (Location C, Figure 4).
Some dacite flows are interbedded with dacite breccias an d /o r debris flow 
deposits.. Some breccia units in the field area are interpreted as debris flow 
deposits based on poor sorting, lack of internal layering, and wide range of clast 
sizes (clay to boulders) supported in an open framework of a finer-grained 
matrix (Boggs, 1987; Cas and Wright, 1988). In the southern part of the field area, 
(location D, Figure 4), a thin (7 m) red to gray debris flow contains angular dacite 
clasts (average size-5 cm). Farther west towards the range (Location E, Figure 4) 
debris flow deposits are thicker (35-40 m), weather to a tannish-yellow color, and 
have large blocky clasts ranging in size from a few cm's to 1 m in a sand matrix.
Paleohills of Colony dacite acted as a topographic barrier to the 
emplacement of flows of the upper member of the Farmer Canyon andésite 
(Location C, Figure 4). A surface of high relief developed on eroded Colony 
dacite domes cind flows and the upper member of the Farmer Canyon andésite
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was deposited on it. The contact between the Colony dacite and the overlying 
Fog Ridge andésite is an unconformity (Figure 6b).
Lower member o f the Farmer Canyon andésite
The lower member of the Farmer Canyon andésite consists of massive, 
porphyritic andésite flows containing abundant phenocrysts (24%) of large (up to 
5 mm) plagioclase (85%), Fe-Ti minerals (9%), clinopyroxene (5%; up to 3 mm) 
phenocrysts and smaller (<1.5 mm) phenocrysts of biotite and oxyhomblende 
(<1%). The clinopyroxene phenocrysts are highly altered and corroded. Fresh 
and weathered surfaces of flows are dark pink to red in color. Unlike the rest of 
the volcanic section in the area, the flows of the lower member of the Farmer 
Canyon andésite are not interbedded with breccia units.
Many andesitic and dacitic dikes that are finer grained and more resistant 
to erosion than the host rock intrude the section. The density of dikes is 
considerably greater in the lower member of the Farmer Canyon section than in 
the Colony dacite just to the south. Highly weathered and altered andésite flows 
and dikes of the lower member of the Farmer Canyon contain fractures filled 
with secondary calcite. Many exposures are so highly fractured and altered it is 
difficult to distinguish host rock from dike.
One outcrop of the andésite lies on a poorly exposed, course grained 
plutonic rock with a distinctive red color (Location F, Figure 4). This rock may 
be Precambrian basement. To the north, dikes with a similar composition to the 
andésite intrude highly altered, dark gray plutonic rock (Location G, Figure 4) 
that may also be Precambrian basement. The lower Farmer Canyon andésite, 
therefore, may Ue on Precambrian basement.
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Upper member of the Farmer Canyon andésite
The flows of the upper member of the Farmer Canyon andésite are 
porphyritic and fine grained with phenocrysts (15-45%) of sub-euhedral 
plagioclase up to 1.75 mm in size (42-91%), subhedral clinopyroxene up to 0.75 
mm (5-17%), subhedral olivine up to 0.75 mm (0-14%), and Fe-Ti minerals up to 
0.5 mm (<5%). Plagioclase laths, clinopyroxene and olivine crystals, devitrified 
glass, and Fe-Ti minerals compose the groundmass. Many plagioclase grains are 
zoned. In some samples, several plagioclase grains exhibit wavy extinction; 
these grains may be xenocrysts. Olivine crystals, where present, are altered to 
iddingsite. Fresh and weathered color of flows is dark gray or red. Altered 
Farmer Canyon andésite flows of the upper member contain secondary calcite, 
quartz, and zeolite minerals.
Andésite flows make up only a small volume of the upper member of the 
Farmer Canyon andésite section. The section consists primarily of a thick section 
of andésite breccia. The breccia is clast supported, red to dark green in color 
with angular clasts composed of andésite an d /o r basalt. About 145 m up in the 
section, thin andésite flows are interbedded with autobrecciated flows and debris 
flow deposits. About 300 m below the radio towers (Location H, Figure 4), 
breccia units are interbedded with platy andésite flows which exhibit prominent 
flow banding. Near vertical contacts between breccia units and flows possibly 
indicate periods of erosion between erupting flows and the development of 
significant topography. A tannish-yellow debris flow that causes a dramatic 
change in slope separates the upper member of the Farmer Canyon and younger 
Fog Ridge andésite sections (Figure 2). This debris flow deposit is about 50 m 
thick, poorly sorted, and contains angular clasts which range in size from 1 cm to 
a few meters. The average clast size is about 7 cm. Clasts are andesitic to
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basaltic, vary in color from red to green to black, and are fine-grained to 
porphyritic. No grading or stratification is visible.
Dikes
Dikes that vary in composition from dacite to andésite intrude the 
andésite and debris flow deposits of the upper member of the Farmer Canyon 
section. One andésite dike (M16-1-95; Location I, Figure 4) is about 14 m thick 
and contains phenocrysts (20%) of plagioclase (80%) and clinopyroxene (20%). 
Another andésite dike (Mll-1-95; Location J, Figure 4) is about 3 m thick and 
contains phenocrysts (34%) of plagioclase (59%), clinopyroxene (38%), and Fe-Ti 
oxides (3%). This dike cuts several andésite flows and the uppermost debris flow 
deposit in the section; it is a prominent topographic feature in the area. Dikes are 
prevalent throughout the upper member of the Farmer Canyon andésite, but no 
dikes intrude the younger Fog Ridge andésite. The Fog Ridge andésite flows lie 
directly on truncated dikes that are intruding the upper member of the Farmer 
Canyon andésite (Location J, Figure 4). This relationship suggests that there was 
a period of erosion between the deposition of the upper member of the Farmer 
Canyon and Fog Ridge andésite sections.
Fog Ridge andésite
The Fog Ridge andésite consists of thin basaltic-andesite and andésite 
flows interbedded with breccia units. Flows are porphyritic and contain 20-40% 
phenocrysts of sub-euhedral plagioclase up to 2.5 mm in size (14-61%), sub- 
euhedral olivine up to 2.25 mm (3-46%), and sub-euhedral clinopyroxene up to 
2.5 mm (10-40%). Plagioclase laths, olivine and clinopyroxene crystals, 
devitrified glass, and Fe-Ti oxides compose the groundmass. Some vesicles are
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present. Many plagioclase grains are zoned. Sample Al-3-94 contains several 
plagioclase phenocrysts that exhibit wavy extinction and have a sieve texture 
suggesting strain and disequilibrium (see Figure 4 and Plate 1 for sample 
locations). These plagioclase grains are probably xenocrysts. Clinopyroxene 
phenocrysts have polysynthetic twinning and zoning. Olivine crystals are 
altered to iddingsite. Glomerocrysts consisting of plagioclase, olivine, 
clinopyroxene, and Fe-Ti oxides are present in many samples. Weathered 
surfaces of Fog Ridge flows are dark gray with fresh surfaces dark gray to black. 
Altered Fog Ridge flows contain secondary calcite, quartz, and zeolite minerals 
in vesicles and fractures. Breccias is clast supported, red to dark gray in color 
with angular clasts composed of andésite an d /o r basalt.
In contrast to the upper member of the Farmer Canyon andésite. Fog 
Ridge andésite breccias are generally thinner and lava flows are tliicker (~3 m) 
and more numerous. The flows become progressively thicker and the breccias 
thinner upw ard within the section. Agglomerate zones are common between 
flows.
Disaissioji o f Stratocone facies and vent locations
Weber and Smitli (1987) suggested that the northern McCullough Range 
contains a stratocone composed of andésite flows (upper member of the Farmer 
Canyon andésite and the Fog Ridge andésite) interlayered w ith volcaniclastic 
units. M apping and field relationships from this study suggest that there is 
indeed a stratocone in the northern part of the field area, and possibly other vent 
locations. Flows in the field area are not regionally extensive and most likely 
erupted from local volcanoes. Other evidence suggesting a nearby vent includes: 
thick debris flows, volcaniclastic breccias, and nearby dike swarms. These
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features are compatible with the near vent facies associated with stratocone 
formation described below.
Geologists commonly perceive volcanoes as thick stacks of lava flows, 
however, continental stratocones usually form as broad features composed 
mainly of fragmental material (Cas and Wright, 1988). Lava flows tend to be 
short, and they commonly interfinger with pyroclastic flows and epiclastic 
deposits produced from mass wasting. On some stratocones, these pyroclastic 
and epiclastic deposits make up as much as 70-80 % of the volume of the volcano.
Altliough the volcanic stratigraphy of stratocones is quite variable with 
vertical and lateral lithologie changes over short distances, consistent lateral 
facies changes are commonly observed from proximal to distal position relative 
to the cone (Cas and Wright, 1988). Near the vent area, volcaniclastic breccias, 
epiclastic flows, lava flows and possibly domes are expected to compose the core 
of the volcano. Around the cone, the debris sheds into deep valleys eroded into 
the steep slopes of the stratocone. Distal to the cone are typically thick sequences 
of volcanic detritus, commonly formed in alluvial settings (Cas and Wright,
1988).
The deposits in the northern McCullough Range compare favorably with 
this general model of a stratocone. Short interfingering lava flows, thick debris 
flows, breccias, and dike swarms of the upper member of the Farmer Canyon 
andésite section are consistent with the near vent area of a stratocone (Location 
H, Figure 4). However, volcaniclastic sandstones and epiclastic units that are 
common to more distal stratocone facies are missing from the northern 
McCullough Range section. Fog Ridge andésite flows which lie above the upper 
member of the Farmer Canyon section are interlayered with thin breccia units, 
however, no dikes or thick debris flows are present. This observation suggests
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that the Fog Ridge section erupted from a different and more distal vent area 
than the upper member of the Farmer Canyon section, or that a change in 
eruptive style occurred from Plinian/Vulcanian (Farmer Canyon) to a more 
Hawaiian type (Fog Ridge).
The east side of the range may expose a separate vent area that produced 
the Colony dacite and possibly the lower member of the Farmer Canyon andésite 
(Location E, Figure 4). Massive dacite flows, local and thick dacite debris flows, 
and numerous dikes suggest a possible a vent area for these units based on the 
general stratocone facies model presented above.
Structural Geology 
The McCullough Range is relatively unextended compared to neighboring 
ranges (see Appendix II for details). Andésite flows of the Fog Ridge and Farmer 
Canyon andésite sections, however, dip 15-25° to the west. Weber and Smith 
(1987) thought that this dip represented the flanks of a stratocone. Tilting related 
to faulting, however, may be responsible for the observed dips. Mapping 
revealed that all units in the area, including the older Colony dacite and Ivan 
Canyon andésite, dip west (Plate 1). The Colony dacite erupted prior to the 
formation of the stratocone suggested to exist by Weber and Smith (1987). The 
consistent dips observed throughout the field area regardless of the age of the 
unit, therefore, are most likely due to structural tilting. In addition, the dips of 
flows within the Fog Ridge andésite progressively decrease up section and 
eventually reach horizontal at tlie top of the section. A fanning dip pattern is an 
indicator of synextensional volcanism (Faulds et al., 1995), and thus, normal 
faulting probably caused the structural tilt. Although faults are rare in the field
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area, a major norm al fault places the Fog Ridge andésite against Colony dacite 
flows and has about 400 meters of stratigraphie separation (Location K, Figure 4 
and Plate 1). The Fog Ridge andésite flows in the hangingwaU of this fault dip 
between 20 and 35° to the west while Colony dacite flows in the footwall dip 
between 10 and 20° to the west.
Rocks dip east in the central McCullough Range north to the latitude of 
McCullough Pass. Rocks in the northern part of the range and to the east of 
Hidden Valley dip west (Figure 7). If the dips are due to structural tilting, the 
northern McCullough Range may contain a dip reversal. The geometry of this 
dip change in the McCullough Range, however, is synformal rather than 
antiformal as described in the Black Mountains accommodation zone; a major 
axis dip reversal that projects toward the McCullough Range (Figure 7) (Faulds 
et al. 1990; Faulds et al., 1995). Dip reversals help facilitate strain release in 
structurally complex accommodation zones that separate major fault domains 
with opposing tilt directions. The Black Mountains accommodation zone 
contains several such dip reversals (Faulds e t al., 1990; Faulds, 1994; Olsen and 
Faulds, 1995; Varga and Faulds, 1995). In the McCullough Range, the 
McCullough Pass Caldera, the Sloan Sag, and the Henderson Caldera all occur 
near or on the axis of a dip reversal (Figure 7). The close association of volcanic 
centers and the axis of dip reversal suggests a possible volcanic control on 
structural geometry (J.E. Faulds, personal commun.). Alternatively, the location 
of volcanoes may be controlled by the structures.
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Figure 5. Diagrammatic stratigraphie column o f the northern McCullough Range. Unit 
thicknesses are variable and estimated from calculations on map (see Plate 1). Black 
stars represent approximate location o f rock samples w ithin the section. Dikes shown 
are diagrammatic and do not represent true orientation.
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Figure 6. (Top) Contact between the Ivan Canyon andésite and Precambrian basement 
from Ivan Canyon (Location B. Figure 4; Plate I ). Note the Precambrian xenolith 
contained in the base o f  the overlying Ivan Canyon andésite flow. (Bottom) Contact 
between the Colony dacite and overlying Fog Ridge andésite. View is looking south 
from Rattlesnake Canyon (Plate 1 ).
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*  Antiformal (Interference accomodation zone (Black Mountains. 
^  Accomodation Zone) separating east and west tilted domains).
^  Synformal (Interference accomodation
zone separating east and w est tilted domains).
east east tilted domain I  I  =volcanic centers
west tilted domain | | =plutons
Figure 7. Simplified geologic map showing location o f  axis o f  dip reversals in the 
NCREC. The central McCullough Range may contain a synformal dip reversal 
separating east and west tilted domains similar to but in an opposite sense to the dip 
reversal structures described by Faulds et al. (1990), Faulds (1994), Olsen and Faulds 
(1995), and Varga and Faulds (1995). See Plate 1 for structure data from this study. 
AW -NP-KC= Aztec Wash, Nelson, and Keyhole Canyon plutons; BM=Black 
Mountains; BCP=Boulder City pluton; EM=Eldorado Mountains; FM=Frenchmen 
Mountain; HCV=Hamblin-Cleopatra volcano; HC=Henderson caldera; HSR=Highland 
Spring Range; HDC=Hoover Dam caldera; LM=Lake Mead; M PC=McCullough Pass 
caldera; MR=McCullough Range; MP=Mt. Perkins pluton; RPP=Railroad Pass pluton; 
RM =River Mountains; SS=Sloan Sag; W RP=W ilson Ridge pluton.
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Chapter 4
Geochemistry of the Volcanic Rocks of the Northern McCullough 
Range
Analytical Techniques 
Sixty-eight rock samples were collected from field locations in Nevada 
and Mexico and analyzed for chemistry. Fifty-one samples were collected from 
the northern McCullough Range and are representative of the thick sequence of 
andésite flows, as well as dacite domes and flows, dikes, and the pluton (see 
Figure 4 and Plate 1 for sample locations). Although many lava flows in the 
section have heavy calcite and zeolite alteration, careful sampling avoided these 
localities. A few samples contained vesicles filled with calcite crystals. These 
samples were broken apart in the lab and the crystals removed before being 
crushed for chemical analysis. In addition, 17 samples of basaltic-andesite were 
collected from Xitle volcano in Mexico to compare chemistry and test models of 
andésite petrogenesis. All samples were stored in resealable plastic bags. Whole 
rock samples were used for geochemical analysis.
All samples were analyzed for major, trace, and rare-earth elements (REE) 
(see Appendix DI for geochemical data of all samples). The Braun "chipmunk" 
crushed half of each sample to pea size pieces, then the Bico "shatterbox" further
28
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crushed the sample to <300 mesh. Appendix IV reports standards used for 
machine calibration, and accuracy and precision of all analyses.
Major and trace element analyses
For major element analysis, samples were prepared as fused glass disks. 
Heating 9.0 g lithium tetraborate, 0.16 g ammonium nitrate, and 1.0 g of sample 
at 1100°C in gold-platinum crucibles produced a melt that was then poured into 
gold-platinum molds (Nourish and Hutton, 1969). For trace element analysis, 
samples were prepared as pressed pellets by mixing 3.0 g of sample with 0.6 g of 
methyl cellulose and compressing to 3,000 psi in an Ashcroft hydraulic pellet 
press. Major and trace elements were analyzed by a Rigaku 3030 XRF 
spectrometer. Sample discs and pellets were stored in a dessicator and run 
within several days of preparation.
Trace and rare-earth element analyses
Fourteen samples were analyzed for REE and Cr, V, Sc, Co, Ta, Hf, and Th 
by Instrumental Neutron Activation Analysis (IN A A) at the Phoenix Memorial 
Laboratory, University of Michigan. Approximately 0.200 g of sample powder 
was placed in clean, 8 cm long, sealed Suprasil silica tubes. The tubing was 
sealed by heating each end with a natural gas/oxygen mixture. A standard 
sample was also prepared from sample #78-220, an andésite collected from the 
River Mountains, Clark County, Nevada (Smith and others, 1990). Appendix IV 
reports accuracy and precision for these analyses.
Fifty-four samples were analyzed for REE and Ba, Th, Nb, Y, Hf, Ta, U, Pb, 
Rb, Cs by the Sciex inductively coupled plasma mass spectrometer (ICP-MS) at 
the Geo Analytical Laboratory, Washington State University (WSU). Researchers
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at WSU completed sample preparation and digestion techniques adapted from 
experiments conducted in the WSU lab.
Isotope analyses
Fourteen samples were analyzed for isotopes (Sr, Nd, and Pb) by thermal 
ionization mass spectrometry (TIMS) using the VG Sector 54 mass spectrometer 
at the University of Kansas, Lawrence. Feuerbach et al. (1993) described this 
technique in detail. Reproducibility of Sr concentrations is +/-0.000020 and Nd 
is within 0.25 epsilon units (Feuerbach et al., 1993). Nine additional samples 
were analyzed for Sr and Nd isotopes at the Massachusetts Institute of 
Technology (MIT) geochemistry lab. Precision and accuracy for 87Sr/86Sr are 
based on the National Bureau of Standards (NBS) sample 987 and reported as 
0.0004% and 0.0034%, respectively. Precision and accuracy for are
based on the sample La Jolla and reported as 0.0005% and 0.0004%, respectively.
Major elements
Calc-alkaline andésite, basaltic-andesite, dacite and rhyolite compose the 
northern McCullough Range volcanic section (Figure 8a, b, and c). The sample 
from the Railroad Pass pluton is a granodiorite. Refer to Appendix HI for the 
complete geochemical database.
Northern McCullough Range andésites do not vary significantly in major 
element chemistry. Andésites range in Si02  content from 50.2 to 58.9 wt. % and 
MgO from 1.7 to 7.2 wt. % (Figure 9a). Mg numbers [((Mg/ (Mg + Fe)) x 100] of 
the andésites range from 36.6 to 61.1. In comparison, volcanic rocks with Mg #'s 
> 71 are considered primary magmas produced by partial melting of mantle
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peridotite (Green et al., 1974). Harker diagrams show a decrease in Ti02, FeO, 
CaO, MnO, P2O5, and MgO with increasing Si02, while AI2O3, K2O, and Na2Ü 
slightly increase with increasing Si02  (figures not shown).
Dacites and rhyolites vary in Si02 content from 63.2 to 70.7 wt. % and in 
MgO from 0.18 to 1.6 wt. % (Figure 9a).
Alteration and Contamination
A few samples, such as A2-6-94 from the upper member of the Farmer 
Canyon andésite, have significantly higher Si02  contents (up to 58 wt. %) than 
the rest of the upper member of the Farmer Canyon section. Thin section data 
suggest that the higher Si0 2  content may be a result of alteration and /o r 
secondary mineral growth. For example, sample A3-6-94 from the Fog Ridge 
andésite contains secondary quartz in small vesicles. The secondary quartz is 
most likely responsible for the higher Si02 of this sample. Contamination is also 
evident in a few samples. For example, sample A2-6-94 contains crystals of 
hornblende with embayed edges and rims of Fe-Ti oxide. Such crystals are most 
likely xenocrysts. Although these hornblende crystals would not increase the 
Si02  content in these andésites, their occurrence suggests that the rock is 
contaminated.
Metasomatism
Although some rocks in the field area contain secondary quartz, calcite, or 
zeolite minerals, potassium metasomatism does not appear to have significantly 
affected the chemistry of the samples. Potassium metasomatism tends to 
decrease sodium and increase potassium contents. For example, K2O contents > 
10 wt. % accompanied by Na20 < 1 wt. % are not uncommon in potassium
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metasomatized rocks (Chapin and Glazner, 1983). However, the andésite 
samples from the northern McCullough Range have K2O (2.5-5.0 wt. %) and 
Na20 (2.4-3.8 wt. %) concentrations that fall within the range of 
unmetasomatized rocks according to fields defined by Carmichael et al. (1974) 
and Wilson (1989) (Figure 9b). Colony dacite samples are more variable with 
KiO up to 8.6 wt. % and Na20 up to 5.2 wt. %.
Incompatible trace elements 
Andésites in the northern McCullough Range show wide variations in 
trace element chemistry. In general, incompatible trace elements (e.g., Nb, Sm, 
La) tend to cluster or decrease in abundance when plotted against an index of 
differentiation like wt. % Si02 (Figure 10). Rocks of the northern McCullough 
Range have similar chemical signatures on spider diagrams normalized to either 
primitive mantle (Sun and McDonough, 1989) or ocean island basalt (OIB) (Fitton 
et al., 1991) (Figures 11 and 12).
Large Ion Lithopliile (LIL) and High Field Strength Elements (HFSE)
When normalized to primitive mantle abundances, northern McCullough 
Range samples are enriched in the large ion lithophile elements (LIL), such as Rb, 
Th, U, and Ba, relative to high field strength elements (HFSE) and heavy rare 
earth (HREE) elements (Figure 11a and b). Sr values range from 722 to 2005 ppm 
in the andésites and from 130 to 776 ppm in the dacites. Andésites are similar to 
OIB except for troughs at Nb and variable depletion of P and Ti with respect to 
either OIB or mid-ocean ridge basalt (MORB) (Figure 12a). The Colony rhyolite 
(M23-1-95) differs from all other rocks in the northern McCullough Range in that
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it is more enriched in Rb, Th, U, Nb, and K, depleted in Ba, and more strongly 
depleted in Sr, P and Ti (Figures 11b and 12b).
Rare-earth elements
Light rare earth elements (LREE) are enriched in the rocks in the northern 
McCullough Range relative to heavy rare earth elements (HREE) and HFSE 
(Figure 11a and b). Also, note that Yb and Lu are > 10 x chondrite abundance 
(chondrite normalized plots are not shown).
Compatible trace elements 
In these andésites, Cr decreases as SiO% increases; Ni data is more 
scattered but also shows a decrease in concentration with increasing Si0 2  (Figure 
13a and b). Cr and Ni vary from < 5 ppm to 242 ppm and 157 ppm respectively. 
Sample A5-3-94 from the Fog Ridge andésite contains the highest values of both 
Cr and Ni. Ni and Cr contents in the dacites are <5 ppm.
Isotopes
Sr and Nd isotopes were obtained for 21 samples from the northern 
McCullough Range. The overall range in G^d is from -6 to -10, and initial 
87Sr/86Sr varies from 0.7076 to 0.7098 (Figure 14a). These values are typical of >9 
Ma mafic volcanic rocks in the NCREC (Feuerbach et al., 1993). Although 
andésites show scatter and wide variations in trace element chemistry, Sr and Nd 
data reveal four isotopic groups. The first isotopic group, type A (87Sr/^%r 
-0.7077; SNd ~-6.6), is defined by two samples; A5-3-94, the most mafic sample of 
the Fog Ridge andésite and A2-3-94, also from the Fog Ridge andésite. The
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second group, type B (^^Sr/^éSr -0.7082; s Nd ~-7.1), is defined by nine samples 
from the Fog Ridge (6), Farmer Canyon (2), and Ivan Canyon (1) andésite 
sections. The third group, type C (^^Sr/^^r -0.7090; ~-9.4), is defined by
three samples of the Farmer Canyon andésite and one Colony andésite sample. 
The fourth group, type D (®^Sr/^^r -0.7093; G^d "-8.7), is defined by two 
Colony dacites and two dacite dikes sampled from the dike swarm area (Figure 
14a).
On an G^d vs. 87Sr/86Sr diagram, there are gaps between groups. From 
group A to B, 8^Sr/86Sr steps from 0.7077 to 0.7081 and G ĵd slightly decreases. 
From group C to D, 87sr/86Sr differs by 0.0003 and G^d also differs slightly. The 
most significant jump in both 87Sr/86sr and e Nd is between groups B and C. A 
jump in GNd from 7.5 to 9 defines this gap. The 87Sr/86Sr jump across the gap is 
about 0.0007 (Figure 14a). Although small, these gaps are larger than can be 
explained by analytical error (see Feuerbach et al., 1993).
Pb isotopes were obtained for 14 samples. 206pb/204pb varies from 
17.977-18.496,207pb/204pb varies from 15.522-15.589, and 208pb/204pb varies 
from 38.665-39.263. The samples plot above the Northern Hemisphere Reference 
Line (NHRL) and have ratios typical of pre-9 Ma volcanic rocks in the NCREC 
(Smith, unpublished data) (Figure 14b).
The River Mountains-Wilson Ridge magmatic system in southern Nevada 
just northeast of the field area displays an isotopic trend similar to the 
McCullough Range isotope array (Figure 15a). In the River Mountains and 
Wilson Ridge pluton, a mafic mantle component may have mixed with a crustal 
component to form a linear data array between the two end members (Feuerbach 
et al., 1993). The River Mountains isotope data exhibits an increase in Si02  with 
increasing ^^Sr/^éSr and decreasing G^d reflecting the addition of a crustal
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component (Figure 15b). In contrast, SiO? contents of isotope groups A, B, and C 
from the northern McCullough Range are very similar to each other (Figure 14a). 
Isotopic ratios do not correlate with increasing Si02 or any other index of 
differentiation.
Correlation o f isotope groups to stratigraphy
The isotope groups temporally and spatially correlate with position in the 
volcanic section (Figure 16). The Ivan Canyon andésite is the oldest unit and 
corresponds to isotope group B. The next unit above the Ivan Canyon andésite, 
the Colony dacite, corresponds to groups C and D. The Farmer Canyon andésite 
belongs to group C, but the top of the upper member of the Farmer Canyon 
section is isotope group B. Dikes cutting the lower member of the Farmer 
Canyon unit belong to group D. Most of the samples collected are andésites 
from the Fog Ridge andésite section where isotope groups A and B are prevalent. 
Samples of the Fog Ridge andésite that lack isotope data, therefore, most likely 
belong to isotopic groups A and B.
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Figure 11. Primitive mantle normalized diagrams using abundances from Sun and 
McDonough (1989). (a) Andésites from the northern McCullough Range. Shaded 
region represents the overall range o f compositions o f andésites analyzed in this study. 
Four samples are plotted to show details o f element distribution. Andésites in the 
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Chapter 5
Geochemical Modeling
Introduction
Any proposed model for the petrogenesis of andésites in the northern 
McCullough Range must honor the geochemical observations described in the 
previous chapter. These observations include the lack of increase of 
incompatible elements with increasing Si02 (Figure 10), the wide variation in 
trace element chemistry among the andésites, the existence of four isotope 
groups (Figure 14a), significant gaps between groups and the change in slope of 
the isotope array between isotopic groups B and C, the fact that rocks of three 
isotopic groups (A, B, and C) have similar Si02 values, the lack of correlation 
between Si02  and isotopic ratio, and the evolved chemistry of parental andésites 
as indicated by low Mg #'s, Cr, and Ni (Figures 9a and 13).
Before modeling the petrogenesis of the andésites, it is important to 
discuss the significance of the four isotope groups. I suggest that isotope groups 
A, B, and C represent three distinct andesitic end member magma types. The 
following observations support this hypothesis. Crystal fractionation alone will 
not change isotope ratios and therefore, can not be used to explain the variation 
between the four isotope groups. Assimilation of felsic crustai rock or mixing of
45
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a felsic component with isotope group A to produce the isotopic and chemical 
signatures of isotope groups B, C, and D is unlikely due to the nature of the gap 
between groups B and C and the lack of correlation of Si02 and isotope ratios. If 
the addition of an upper crustai component or mixing with a felsic magma 
produced the differences between isotope groups, a correlation should exist 
between isotope ratios and Si02 content as observed in the River Mountains 
system (Figure 15b). An important assumption of the petrogenetic models is that 
isotopic groups A and B are cogenetic. Similar trace element concentrations and 
isotopic ratios for isotopic groups A and B support this assumption.
This chapter is divided into two sections which describe a three stage 
model for the origin, evolution, and interactions of the andesitic magmas 
represented by isotopic groups A, B, and C. Note that the numbering of the 
stages (1,2, and 3) is intended to reflect the chronology of events that resulted in 
the production of the andésites of the northern McCullough Range. The first 
section describes the petrogenetic models used to evaluate the evolution and 
interactions of these isotopically distinct andesitic magmas and their role in 
producing the andésites in the northern McCullough Range (stage 3). The 
second section describes the possible origin and history of the primitive magmas 
and the evolutionary processes that may have occurred to produce the resulting 
parental andesitic magma types represented by isotopic groups A, B, and C 
(stages 1 and 2). While the discussion of stages 1 and 2 are based on literature 
review, the petrogenetic models developed to describe stage 3 are original and 
an important contribution of this thesis.
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Petrogenetic Models (Stage 3)
The following section describes stage 3, the evolution and interactions of 
the andésite magmas types. Stage 3 is the focus of this study and presents a new 
petrogenetic m odel that explains the evolution of volcanic systems dominated by 
andésite magma. The following sections evaluate fractional crystallization (FC), 
recharge, assimilation and fractional crystallization (AFC), and magma mixing 
models.
Fractional Crystallization
FC models tested the chemical variation among the upper Farmer Canyon 
and Fog Ridge andésites associated with isotopic groups A and B. Because all 
isotopically analyzed samples of the Fog Ridge andésite belong to isotopic group 
A or B, it is assumed that the Fog Ridge andésite samples that lack isotopic data 
belong to groups A and B. FC models use sample A5-3-94 as the parent because 
A5-3-94 is the most mafic and least evolved of all the samples based on Si02 (50.2 
wt. %), MgO (7.2 wt. %), Ni (158 ppm), and Cr (243 ppm) contents (Figures 9a 
and 13). Distribution coefficients (D) for the models are primarily from a 
compilation by Larsen and Smith (1990) and are listed in Table 1. Refer to Table 
2 for a summary and details of models.
FC models compare the behavior of various incompatible elements (Rb, 
Sm, La, and Ba) with compatible elements and oxides such as MgO, Cr, and Sr. 
During differentiation processes such as fractional crystallization, incompatible 
elements will preferentially partition into the melt while compatible elements 
remain in the mineral phases. MgO and Cr are very compatible in clinopyroxene 
and olivine which are the dominant phenocryst phases fractionated from the 
andésites. Removal of these phases, therefore, will result in a decrease in
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abundance MgO and Cr with increasing amounts of fractionation. Sr is 
compatible in plagioclase and will behave in a similar manner provided 
plagioclase is fractionated.
Model 1 shows that any combination of plagioclase (plag), olivine (ol), and 
clinopyroxene (cpx) fractionation can not successfully produce most of the 
andésites (Figure 17, plots 1-1 through 1-6; Table 2). FC will increase 
incompatible element concentrations in the evolved liquid. This trend is not 
observed. Only 100% fractionation of cpx approaches and contains some of the 
andésite samples. The few samples that consistently fall within the fractionation 
field are Al-3-94, A2-3-94, and A3-3-94, aU from the Fog Ridge andésite (Figure 
17). However, the difference in Sr and Nd isotopes between the parent (A5-3-94 
of isotopic group A) and Al-3-94 and A3-3-94 (isotopic group B) rules out 
fractionation alone from A5-3-94 to produce these two samples (Figure 14a). A2- 
3-94, however, does lie within isotope group A along with A5-3-94 and may be 
explained by fractionation. In conclusion, based on trace element modeling and 
isotopic evidence, FC can not explain the chemical variation among the 
andésites.
Modeling also determined if fractionation was a significant process in 
producing variations in rock compositions within each isotopic group (Figure 18, 
Models 2, 3, and 4; Table 2). Si02, MgO, and Cr contents identified the least 
evolved sample within each group to use as the parent. Previous FC modeling 
showed that within isotope group A, fractionation of A5-3-94 may have 
produced A2-3-94 (Figure 17). However, this is the only successful FC model. 
Models 2, 3, and 4 demonstrate that within isotope groups B, C, and D 
respectively, fractionation vectors point away from the more chemically evolved
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samples (Figure 18). FC, therefore, does not explain intragroup chemical 
variation.
Table 1. Distribution coefficient (D) values used in modeling.
plagioclase clinopyroxene olivine biotite
La 0.2t 0.12t 0.03t 0.7t
Ce 0.12 0.15 0.03t 0.9
Sm 0.067 0.5 0.0013* 0.6
Rb 0.031 0.031 0.04t 4
Ba 0.23 0.026 0.03t 8
Yb 0.067 .62 0.0015* 0.45
Sr 1.88 0.1 0.02t 0.15
Cr 0.01 8.4 2.8t 10
MgO 0.04t 5.4t 9.5t 35t
V a lu es  from  T ab le  5, L arsen  a n d  S m ith , 1990  
t  v a lu e s  fro m  V ille m a n t e t  a l., 1981  
* v a lu e s  from  B ra d sh a w , 1991
Redtarge
Recharge of a magma chamber serves to increase incompatible element 
concentrations in the melt. In fact, the increase in incompatible elements due to 
magma recharge is even more pronounced than from crystal fractionation 
(O'Hara, 1977). The enhancement of incompatible element abundances occurs 
because new magma containing incompatible elements is added to a liquid that 
was previously enriched in incompatible elements by crystal fractionation. 
O 'Hara's equations predict the increase of incompatible element concentrations 
for a series of recharge steps based on the concentration of the elements in the 
parent magma, the am ount of recharge vs. fractionation, and the amount of 
magma erupted from the chamber (overall volume remains constant). Recharge
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models for the andésites of the McCullough Range used the composition of 
sample A5-3-94 (isotopic group B from the Fog Ridge andésite) as the least 
evolved magma (Figures 9a and 13). Plots of La' and Th vs. MgO show results of 
the recharge m odel for 10% and 50% recharge (relative to fractionation and total 
amount erupted) (Figure 19, plots 5-1 and 5-2; Table 2). La' is an enrichment 
factor calculated by dividing the La concentrations of all the samples by the La 
concentration of the parent magma. The plots show that the incompatible 
element concentrations of the McCullough Range samples do not increase at the 
rate predicted by a recharge process. Recharge models, therefore, can not 
explain chemical variations in the McCullough Range samples.
Assimilation and Fractional Crystallization (AFC)
The first step in the (AFC) modeling process (DePaolo, 1981) is to choose 
the proper felsic end member to mix with a mafic component. Potential felsic 
end members from within the northern McCullough Range (e.g., A8-6-94 from 
the Railroad Pass Pluton) do not produce reasonable models to explain 
intragroup or intergroup variation because trace element concentrations and 
^^Sr/86Sr ratios (Figure 14a) are too low. Felsic rocks, therefore, from nearby 
areas in the (NCREC) were evaluated as possible end members. Metcalf et al. 
(1993a) point out that although parental mafic magmas in the NCREC vary 
significantly in chemistry, felsic end members are quite similar; rhyolites and 
granites from the NCREC have similar trace element patterns and isotopic 
signatures. It is acceptable, therefore, to use a felsic end member composition 
from a nearby area for modeling. Felsic rocks that may be suitable end members 
crop out in the Mt. Perkins Pluton, the Wilson Ridge Pluton, the Aztec Wash
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Pluton, and the Dolan Springs volcanic field (Metcalf e t al., 1993a; R. V. Metcalf, 
personal commun.) (Figure 1).
A suitable felsic end-member must lie roughly on trend with the 
McCullough Range data array and have a high ^^Sr/S^Sr value. A granite from 
the Mt. Perkins Pluton (sample 922-10) satisfies this criterion. This sample 
contains 73.97 wt. % SiOz, has a ^^Sr/^^r of 0.71267, and an of -12.5 (Metcalf 
et al., 1995) (Figure 20a). Adding even a small am ount of this magma type to a 
mafic magma would increase the 87Sr/86Sr values of the mafic magma 
significantly. Sample 922-10 is an example of the type of felsic end member 
required to produce variations in the McCullough Range volcanic rocks and may 
not be the actual assimilant.
To evaluate the chemical variation among and within isotope groups, the 
same fractionation models described above were modified to include varying 
amounts of the Mt. Perkins (922-10) felsic end member (plots are not shown).
AFC models using 922-10, however, can not explain variation among groups A,
B, or C because adding even a small amount of a felsic component such as 922-10 
with 74 wt. % Si02 would result in a significant increase (5-10 wt. %) in the silica 
content of the andésites. The Si02 content of the andésites does not increase with 
increasing ^'^Sr/^^r or decreasing Sisjd (Figure 20a). For this reason, AFC 
models using the Mt. Perkins felsic end member are not successful in producing 
compositional variations within isotope groups.
AFC models 6 and 7 using the felsic end member from the Mt. Perkins 
Pluton, however, were acceptable in producing group D dacite dikes from a 
basaltic andésite in group C (Figure 20b and Figure 21; Table 2). Twenty percent 
fractionation of 50% cpx and 50% plagioclase from a group C andésite (Al-6-94) 
and addition of 922-10 (4-8%) with an r value (r=ratio of mass assimilated to
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mass crystallized) between 0.2-0.4 produced samples A6-6-94 and A7-6-94 (dacite 
dikes) of group D.
Other felsic rocks of group D (Colony dacite M5-1-95 and rhyolite M23-1- 
95), however, are not a result of assimilation, mixing or commingling of group C 
with a felsic end member such as 922-10. These samples fall between group C 
and the Mt. Perkins sample, however, the SiOi contents are too high for their 
position on the plot (Figure 20a). If samples M5-1-95 and M23-1-95 were part of 
this mixing trend, the higher Si02 contents should correspond to higher 
87gr/86gr values. These Colony samples, therefore, are not part of this mixing 
trend and may represent an independent felsic component. AFC models 6 and 7 
using felsic component 922-10, therefore, can explain some of the variation 
between groups C and D, but AFC can not explain variation between A and B, B 
and C, or variations within groups.
Magma mixing
Evaluation of magma mixing as a process in the northern McCullough 
Range included models with a felsic end member and those that involved mixing 
isotopically distinct andesitic magmas. A felsic mixing component, however, is 
not viable for the following reasons. Recall that the silica values among the 
isotope groups, particularly groups A, B, and C, do not vary much, and do not 
correlate well with initial Sr (Figure 14a and 20a). Mixing a felsic component 
with an andesitic magma would increase the initial Sr values, as is observed, 
however, mixing even small amounts of a felsic component to these andesitic 
magmas with moderately high Nd and Sr contents would also increase the silica 
values significantly. This trend is not observed, thus effectively ruling out 
models that involve felsic end members. Because most of the andésites are from
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the upper Farmer Canyon and Fog Ridge andésite sections where isotopic 
groups A and B are prevalent, models were created to evaluate mixing between 
andesitic magmas of groups A and B.
End members are difficult to identify for this type of model because the 
andésites have a limited range of chemistry and isotope values. Models, 
therefore, are qualitative and mixing fields are created rather than typical mixing 
curves. End members for each group were chosen by selecting samples that are 
representative of the chemical range within the isotope group. Samples Al-3-94 
and A4-6-94 were chosen as end members to represent isotope group B. These 
samples are intermediate in silica content (~ 53 wt. %) relative to the rest of the 
group (51-58 wt. %) and representative of the range of incompatible trace 
element content (for example. La values are 110 ppm for Al-3-94 and 67.9 ppm 
for A4-6-94). Incompatible elements were chosen rather than compatible 
elements because their analytical uncertainties are smaller (for example 0.63 % 
for La and 4.90 % for the compatible element Cr; see Appendix III) and they 
probably better represent differences in source compositions. Isotopic group A is 
defined by only two samples; sample A5-3-94 with the highest Cr, Ni, and MgO 
concentrations was chosen as the end member. Lines were drawn between the 
end member compositions of isotopic groups A and B to define a mixing 
envelope. These lines are not intended to represent unique mixing curves. The 
lines represent boundaries of a mixing envelope that contains permissible mixing 
models. The exact number of mixing end members is unknown. It is possible 
that the hybrid samples within the envelope were produced by 2,3, or multi- 
component mixing. Mixing processes may also involve 1 or more stages.
A Cr vs. La/Yb plot shows the envelope created by mixing isotopic 
groups A and B (Figure 22a and b; Table 2). All samples analyzed for isotopes
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are included on this figure. Figure 22b includes the upper Farmer Canyon and 
Fog Ridge andésites with and w ithout isotope data. Many of the andésite 
samples fall within or close to the field created by mixing of groups A and B.
The dimensions of this mixing envelope, however, are based entirely on the 
positions of isotopically analyzed samples. It is possible that obtaining further 
isotopic data for andésites outside of the mixing envelope might change the 
shape of the envelope and enlarge the mixing field (Figure 22b). Similar results 
are obtained by plotting other elements such as Zr vs. Nb (Figure 22c).
Although these mixing models are permissive, several problems exist. 
First, there is considerable trace element variation within isotope group B 
samples. This variation was evaluated and can not be explained by FC or AFC 
(see previous explanation and Figures 17 and 18). Additionally, the model 
appears to contradict the isotope data which display a gap between groups A 
and B (Figures 14a and 20a). If mixing occurred between groups A and B, 
hybrids of this mixing should be observed on the isotope plot between groups A 
and B, rather than a gap. Instead of calling upon a sampling bias to explain the 
gap, it is possible that the gap has physical significance and no mixing occurred 
between groups A and B. An alternative explanation is that mixing occurred 
between isotopically distinct magma types within isotopic group B. A Cr vs. 
La/Yb plot was also used to test possible mixing within isotopic group B (Figure 
23a; Table 2). End members were selected to represent the range of trace element 
and isotopic variation within group B. Samples A3-3-94 (Cr=248 ppm, La=101 
ppm, Zr=415 ppm, 87Sr/86Sr=0.70819, SNd=-7.10) and A4-6-94 (Cr=116 ppm, 
La=67.9 ppm, Zr=315 ppm, 87gr/865r=0.70812, 8Nd=-7.17) were selected as end 
members. Although the fit is poor, many (6 of 9) of the upper Farmer Canyon 
and Fog Ridge andésites of isotopic group B fall around and near to this mixing
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line. Using these same end members on a plot of Zr vs. Nb also demonstrates 
mixing of different andesitic magma types within group B (Figure 23b). Most of 
the group B samples (7 of 9) and many of the upper Farmer Canyon and Fog 
Ridge andésites that lack isotopic data also fall along this mixing line. In these 
examples, mixing is occurring entirely within group B, and isotopic group A is 
not a mixing component. This model has the advantage of explaining the gap in 
the values of isotopic ratios between groups A and B and the range of trace 
element concentrations within group B.
Although the choice of end members is somewhat subjective, the models 
that mix isotopically distinct andesitic magmas to produce the chemical 
variations observed among the andésites in the northern McCullough Range are 
compelling. In summary, magma mixing between isotopically distinct andesitic 
magmas represented by groups A and B or mixing of different isotopic types 
within group B is the preferred petrogenetic model to explain andésite formation 
in the northern McCullough Range. Group C andésites are probably not 
cogenetic with group A and B magmas and represent an independent andesitic 
magma type that co-existed but did not mix w ith either group A or B magmas.
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Model
number
Type of model Elements used Details 
(*=minerals 
fractionated at 
100%)
Corresponding 
figure number 
in text
1-1 FC MgO vs. Ce plag, cpx, ol * Figure 17
1-2 FC Cr vs. Rb plag, cpx, ol * Figure 17
1-3 FC Cr vs. Sm plag, cpx, ol * Figure 17
1-4 FC MgO vs. Sm plag, cpx, ol * Figure 17
1-5 FC MgO vs. La plag, cpx, ol * Figure 17
1-6 FC Cr vs. Ba plag, cpx, ol * Figure 17
2 FC MgO vs. Ce plag, cpx, ol * Figure 18
3 FC Sr vs. Yb plag, cpx, ol, 
bio *
Figure 18
4 FC Sr vs. Ce plag, cpx, bio * Figure 18
5-1 recharge (10%) MgO vs. La' Figure 19
5-2 recharge (50%) MgO vs. Th Figure 19
6-1 AFC Sr vs. Ce 50% cpx, 50% 
plag; r=0.4
Figure 20b
6-2 AFC Sr vs. Rb 50% cpx, 50% 
plag; r=0.4
Figure 21
7 AFC MgO vs. Ce 50% cpx, 50% 
plag; r=0.2
Figure 21
8-1 mixing Cr vs. La/Yb groups A & B Figure 22a and
b
8-2 mixing Zr vs. Nb groups A & B Figure 22c
9-1 mixing Cr vs. La/Yb within group B Figure 23a
9-2 mixing Zr vs. Nb within group B Figure 23b
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Discussion
Conclusions from  modeling
The petrogenesis of the andésites in the northern McCullough Range is 
very complicated and involves fractionation and open system processes such as 
assimilation and magma mixing. The petrogenetic modeling presented above, 
however, rules out fractionation, assimilation, and recharge as the dominant 
processes in explaining the chemical variations (Figures 17,18,19, 20,and 21).
Magma mixing of andesitic magmas best explains the observed variation 
of most McCullough Range andésites. Mixing or assimilating a felsic 
component, however, would increase Si0 2  contents out of the range observed in 
isotope groups A, B, and C. Based on the above petrogenetic models, 
geochemical trends, and isotopic data, I suggest that the andésites of the 
northern McCullough Range were produced primarily by the mixing of 
isotopically distinct andésite magmas represented by groups A and B, or mixing 
of different isotopic types within group B (Figures 22 and 23). Andésites of 
group C are independent and did not mix with A or B but m ight have mixed 
with a felsic component to produce some felsic dikes in group D. An advantage 
of the model is that it explains the occurrence of andésite dominated systems.
The mixing plots show that a group of andésites falls outside of the 
mixing field between groups A and B (outlying group on Figure 22b and c). It is 
possible that this group is more representative of an actual end member group, 
and the remaining andésites of group B a n d /o r  A are hybrids. Unfortunately, 
isotopic data are not available for any of the samples that fall within the outlying 
group. Isotopic data, however, would indicate whether this group of andésites is 
an end member and the other samples hybrids. If so, one would expect the
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isotopes of the outlying group to fall along the isotope array but outside of 
groups A and B. This case would not change the proposed model of mixing 
different andesitic magmas, but would change the mixing end members.
An alternative model is that the andésites are the product of independent 
andesitic sources (isotope groups A, B, and C) that have not mixed together. The 
tapping of separate end members without some component of mixing, however, 
is not compatible with the variation observed in the trace and REE data. The 
variation of the trace and REE data is greater than that produced by analytical 
error (Appendix IV). If no mixing occurred, the trace and REE data should 
group together as does the isotopic data Based on these observations, 1 conclude 
that the alternative model is not valid.
To summarize, four events are responsible for producing the northern 
McCullough Range volcanic rocks: (1) mixing of andesitic magmas of groups A 
and B, (2) independent eruption of magma of group C, (3) assimilation of Mt. 
Perkins-type felsic end member with C to produce dikes of group D, and (4) 
independent eruption of felsic magmas of group D.
M ixing styles in volcanic systems in the southern Basin and Range
During the eruption of the Ivan Canyon andésite and the Colony dacite, 
mixing of mafic and felsic magmas was a dominant petrogenetic process, and 
isotopic groups B, C, and D were produced (Figure 16). The McCullough Range 
magmatic system, therefore, was initially similar to that at Mt. Perkins and in the 
River M ountains/W ilson Ridge magmatic system (Weber and Smith, 1987;
Larsen and Smith, 1990; Smith et al., 1990). By the time that the upper member of 
the Farmer Canyon andésite was emplaced, there is no longer any evidence of a 
felsic end member or the presence of isotope group D. Mixing of andesitic end
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members became the dominant process. Towards the end of the eruption of the 
upper member of the Farmer Canyon andésite, only isotope group B was 
present. Finally, the formation of the Fog Ridge andésite introduced isotope 
group A into the section. Isotope groups A and B remain throughout the 
evolution of the Fog Ridge andésite (Figure 16).
The development of the northern McCullough Range volcanic section, 
therefore, was dominated first by mixing of andesitic and felsic magma and later 
by mixing of different andesitic magmas. The formation of the volcanic section 
involved two styles of magma mixing; the Mt. Perkins style where a felsic 
magma mixes with a mantle-derived mafic magma and the McCullough style 
where different andesitic magmas mix without the participation of a felsic 
component. The Mt. Perkins process produces a wide range of rock 
compositions (basalt to rhyolite), whereas the McCullough Range process 
primarily produces a narrow range of rock compositions (andésite to basaltic- 
andesite).
The McCullough Range type magmatic system has not previously been 
documented and is a viable explanation for andésite petrogenesis in extensional 
terranes. The proposed model should be tested in other thick sections of andésite 
in the southern Basin and Range, such as those in the Piute Range and the 
Eldorado Range, and possibly extensional environments in other areas of the 
world.
Source and Evolution of Andesitic Magma Types (Stages 1 and 2)
The following section provides possible explanations for the origin of calc- 
alkaline andesitic magmas, such as those found in the northern McCullough
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Range magmatic system represented by isotopic groups A, B, and C (Figure 14a). 
The first step, stage 1, involves the partial melting of a compositionally 
heterogeneous lithospheric mantle to produce primary mafic magmas. Stage 2 
describes processes that result in the chemical evolution of primary magmas of 
stage 1 to produce the parental magmas of isotopic groups A, B, and C.
Stage 1
Nb and Ti troughs on spider diagrams and radiogenic isotopic ratios 
suggest that andésites of the northern McCullough Range are partial melts of a 
lithospheric mantle source. Nb and Ti troughs suggest a lithospheric mantle 
component because high field strength elements (Nb, Ti) are depleted in the 
lithospheric relative to the asthenospheric mantle (Figures 11a and 12a)
(Menzies, 1989; Kempton, 1991; Wilson, 1989). This pattern with troughs at Nb 
and Ta for northern McCullough Range samples is similar to trace element 
patterns for other andésites in the NCREC (Figure 24a and b). Radiogenic Sr and 
Nd isotopic ratios also indicate that the rocks contain a significant lithospheric 
mantle component (87Sr/86Sr >0.706 and 8Nd <-l) (Figure 14a and 20a) (Farmer 
etal., 1989).
The mantle source was probably not garnet bearing because HREE 
concentrations in the McCullough Range rocks are too high (Figure 12a). Garnet 
retains HREE during partial melting resulting in concentration/ chondrite values 
of Yb and Lu < 1. The McCullough Range rocks have concentration/chondrite 
values of Yb and Lu > 10 which are too high to be explained by the melting of a 
garnet bearing source (Wilson, 1989 p. 18,51). The lithospheric mantle source, 
therefore, is more likely spinel peridotite.
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Stage 1 involves partially melting the lithospheric mantle to produce 
basaltic magmas. What material in the lithospheric mantle melts, and by what 
mechanism is very controversial. Two different models from previous studies 
are presented to explain the possible derivation of magmas from a lithospheric 
mantle source.
Leeman and Harry (1993) presented a model that explains the production 
of basaltic melts by partially melting veins or pods in the lithospheric mantle. 
Rather than decompression melting of peridotitic lithospheric mantle to produce 
large volumes of magma, the authors suggest that synextensional mid-Tertiary 
magmatism in the Basin and Range resulted from decompression melting of 
mafic veins or pods contained within the peridotitic lithospheric mantle. These 
veins and pods formed during either Precambrian or Mesozoic melting events.
A Precambrian melting event is more likely because the mafic pods and veins 
must be isolated from the convecting asthenosphere for at least 1.5 Ga to allow 
the isotopic system to evolve to values observed in the andésites in the 
McCullough Range. Pods and veins near the base of the lithosphere would be 
near their melting point (1475°C at 120 km) and would begin to melt by 
decompression at the onset of extension (Leeman and Harry, 1993).
In contrast. Perry et al. (1987), Bradshaw et al. (1993), and Hawkesworth et 
al. (1994) discuss a mechanism by which at a certain temperature, pressure, and 
volatile content, partial melting of the continental lithospheric mantle produces 
basaltic melts during extension. For example, Bradshaw et al. (1993) and 
Gallagher and Hawkesworth (1992) calculate that at 100% extension, partial 
melting of the continental lithospheric mantle can occur with no increase in 
mantle potential temperature (Tp) if the source contains small amounts of H2O 
and CO2 (~0.3-0.4% and ~0.7% respectively). The introduction of H2O and other
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volatiles lowers the temperature of the peridotite solidus producing a greater 
opportunity for lithospheric melting. These calculations take into account mantle 
viscosities, amount of extension, Tp, mechanical boundary layer (MBL) or 
lithospheric source region thickness, pre-extension crustai thickness, and final 
crustai thickness. Hawkesworth et al. (1994) refined this model and suggested 
that the thinning of the lithosphere raised temperatures throughout the 
lithospheric mantle. This increase in temperature results in melting of zones in 
the lithospheric mantle enriched in volatiles during previous partial melting 
events.
Stage 2
The basaltic magma generated during stage 1 is a primary magma. 
Andésites of the northern McCullough Range, however, do not represent 
primary magmas. The andésites are chemically evolved suggesting that a 
differentiation process such as fractionation occurred. Evidence includes the low 
to moderate Mg #'s (36.6-61.1), MgO (<7.2 wt. %), and Cr concentrations (<243 
ppm) (Figures 9a and 13a). For comparison, a primitive magma should have 
Mg#>71, MgO>10 wt. %, cind Cr>500 ppm. FC affects Mg # 's  more than other 
processes (contamination, mixing) because Mg is more compatible than Fe early 
during crystallization. The resulting liquid dramatically increases in Fe relative 
to Mg with the removal of Mg-rich crystals. The relatively low Mg numbers are 
most probably a sign that fractional crystallization has occurred. The andesitic 
parental magmas that produced the andésites in the northern McCullough 
Range, therefore, were probably formed by FC of basaltic primary magmas of 
stage 1.
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Stage 2 involves fractional crystallization (FC) of the basaltic magma 
produced in stage 1 to produce calc-alkaline andésite magmas. FC occurred in 
the middle to upper crust or at the base of the crust. Grove and Kinzler (1986) 
demonstrated that calc-alkaline andésites can form by FC of a tholeiitic, olivine- 
normative basalt parent magma under anhydrous conditions and elevated 
pressures (2.5 to 8 kb) (Figure 25). Elevated pressure produces a calc-alkaline 
trend rather than a tholeiitic trend for two reasons. First, high pressure reduces 
the plagioclase phase volume so plagioclase is not an early crystallizing phase. 
Instead, olivine and clinopyroxene crystallize early and remove Fe, therefore, Fe 
enrichment is not observed as in tholeiitic rocks. Second, the invariant point 
does not control liquid composition (point A, Figure 25) as it does at lower 
pressures. Liquids are free to evolve to higher values of SiOa-
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Figure 17. Fractional crystallization plots (Model 1; plots 1-1, 1-2, and 1-3) for 
andésites of the northern McCullough Range. Vectors represent fractionation of olivine 
(ol), clinopyroxene (cpx), and plagioclase (plag) from parent andésite sample A5-3-94 
(tick marks at 10% fractionation). Most samples fall outside o f the field defined by the 
vectors with the exception o f A 1-3-94, A2-3-94, and A3-3-94. Refer to Table 2 for 
details o f each model. um=upper member; lm=lower member
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Figure 17 (cont.). Fractional crystallization plots (Model 1; plots 1-4,1-5, and 1-6) for 
northern McCullough Range andésites. Vectors represent fractionation o f olivine (ol), 
clinopyroxene (cpx), and plagioclase (plag) from parent sample A5-3-94 (tick marks at 
10% FC). Most samples fall outside o f the field defined by the vectors with the 
exception o f Al-3-94, A2-3-94, and A3-3-94. Refer to Table 2 for details o f model.
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Figure 20. Isotope plot and AFC model, (a) Mt. Perkins granite 922-10 lies roughly on 
trend with the northern McCullough Range data array and has the initial Sr and SiOo 
required for a felsic end member in AFC models. Note that silica values (bold numbers 
adjacent to symbols) do not vary much in isotopic groups A, B, and C. (b) Sr vs. Ce 
plot (AFC Model 6-1 ) demonstrates that 20% fractionation o f  50% cpx and 50% plag 
from a group C andésite (A 1 -6-94) and addition o f  4-8% o f 922-10 produces dacite 
dikes o f  group D (A6-6-94). Refer to Table 2 for details o f  model. Other samples in 
group D can not be explained by assimilation or mixing models and may represent an 
independent felsic component. um=upper member; lm=lower member
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Figure 21. AFC Models 6-2 and 7 suggest that 20% fractionation o f 50% cpx and 
50% plag from a group C andésite (A 1-6-94) and addition o f  4-8% o f 922-10 
produces dacite dikes o f  group D (A6-6-94 and A7-6-94). Refer to Table 2 for details 
o f  each model. um=upper member
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Figure 22. Cr vs. La/Yb plots show mixing between isotopic groups A and B (Model 
8-1). End members are representative of the chemical ranges within isotope groups, (a) 
Only samples with isotopic data are plotted, (b) Many o f the andésites from the upper 
Farmer Canyon and Fog Ridge sections fall within or near the mixing field. A few 
samples consistently fall outside o f the mixing field; this outlying group may represent 
another mafic end member. um=upper member
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Figure 22 (cont.). (c) Zr vs. Nb plot shows mixing between isotopic groups A and B 
(Model 8-2). Many group B samples and andésites from the upper Farmer Canyon and 
Fog Ridge section fall in or near the mixing field. A few samples consistently fall 
outside o f the mixing field; this outlying group may represent another andesitic end 
member. um=upper member
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Figure 23. Plots of (a) Cr vs. La/Yb and (b) Zr vs.Nb show mixing between 
different isotope types within group B using samples A3-3-94 and A4-6-94 as 
end members to create a mixing line (Model 9). Many o f the andésites from 
isotopic group B, as well as samples from the upper Farmer Canyon and Fog 
Ridge sections fall along and around this mixing line. um=upper member
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Figure 24. Pre-9 Ma andésites from other areas in the NCREC normalized to (a) 
primitive mantle abundances from Sun and McDonough (1989) and (b) OIB abundances 
from Fitton et al. (1991). The ratio Ta=Nb/17 (atomic abundance ratio) was used to 
calculate Nb or Ta when either Nb or Ta data were unavailable. Pre-9 Ma andésites from 
the NCREC have similar trace element distribution to andésites in the northern 
McCullough Range. Patterns are typical o f  rocks formed by melting o f a lithospheric 
mantle source.
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Figure 25. Ternary phase diagram from Grove and Kinzler (1986) demonstrates how 
calc-alkaline andésites can form from tholeiitic basalt magmas at high pressures. At 
pressures above 2.5 kb the peritectic point shifts from A to A’ and reduces the plagioclase 
phase volume in plagioclase, olivine, quartz, and clinopyroxene space. As a result, 
clinopyroxene and olivine crystallize first, thus preventing later iron enrichment. This 
crystallization sequence produces a calc-alkaline rock series. At higher pressures, liquids 
are not constrained by an invariant point and are free to evolve to higher values o f SiO i.
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Chapter 6
Xitle Volcano, Mexico
Geologic Background
To test the applicability of the model developed in the northern
McCullough Range, a preliminary study was done at Xitle volcano, Mexico.
Xitle volcano was chosen because it is similar to the northern McCullough Range
in tectonic setting and in basic rock chemistry. Xitle volcano lies in the central
part of the Trans-Mexican Volcanic Belt (TMVB), a complex volcanic arc that
extends from the mouth of the Gulf of California across central Mexico to El
Chicon, near the Guatemalan border (Sheridan and Macias, 1992) (Figure 26).
The TMVB is a result of subduction of the Cocos and Rivera plates beneath the
North American plate. Subduction continues today as the Cocos and Rivera
plates, separated by the Rivera Fracture Zone, move away at varying rates from
the East Pacific Rise. This complex plate reorganization produced an extensional
terrane superimposed on the volcanic arc (Sheridan and Macias, 1992). Workers
documented this tectonic regime particularly well in the western TMVB (Allan,
1981; Allan and Carmichael, 1984; Luhr et al., 1985; Wallace et al., 1992), as well
as in the Central American Volcanic Arc (Busby-Spera, 1988). The possible
influence, however, of extensional overprinting of a subduction complex on the
75
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development of the central and eastern parts of the TMVB is not well 
documented.
Xitle volcano in the central TMVB, 20 km southwest of Mexico City 
(Figure 26), formed in an area of the TMVB that is being simultaneously 
influenced by extension and subduction. A cinder cone associated with andésite 
flows, scoria and ash deposits, and a lava dome (Xicontle) which lies just west of 
the main cone compose Xitle volcano. Xitle is about 2000 years old and erupted 
over a period of less than 100 years (Delgado, "C dates, personal commun.). 
Preliminary m apping by Delgado and students at the National University of 
Mexico (UNAM) documented six andésite flows extending radially from the 
cone (Figure 27). Most flows followed paths to the north and northeast toward 
Mexico City (Delgado, unpublished data). Much of the southern part of Mexico 
City, including UN AM, are built on Xitle lava flows. Samples for this study were 
collected from flows I-VI according to the mapping of Delgado and his students. 
Figure 27 shows the location of Xitle flows, Xicontle lava dome, and sample 
locations. The presence of lava tubes and tube-fed flows however, may 
complicate the stratigraphy (Lillian Martin, personal commun.). Lillian Martin 
does not believe that all the flows erupted from the Xitle cinder cone. Instead, 
Lillian Martin suggested that the flows closest to the vent, as well as Xicontle, the 
lava dome, are the oldest flows and erupted from the Xitle cinder cone. Lillian 
Martin further suggested that the more distal flows are younger and were tube 
fed, possibly through fissures. It is also possible that Xitle flows bury older 
volcanic vents a n d /o r  flows.
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Geochemical Descriptions and Petrography
Major elements
Lava flows from Xitle volcano, and the Xicontle lava dome, are calc- 
alkaline basalts and basaltic-andesites (Figure 28a, b, and c). Xitle lavas range in 
Si02 concentration from 50.1 to 55.8 wt.%. Although samples are very similar in 
chemistry, they fall into two groups on Marker variation diagrams. Group 1 
includes samples X4-10-94, X5-10-94, X6-1G-94, X8-10-94, X9-10-94, XlO-10-94, and 
X13-10-94 whereas group 2 includes samples X7-10-94, Xll-10-94 and X14-10-94 
through X19-10-94 (Figure 29). Both groups show increases in AI2O3, FeO, CaO, 
P2O5, and Na20 with increasing Si0 2 . Group 2 shows an increase in Ti02  and 
K2O while group 1 shows little variation of these elements with increasing Si02- 
MgO increases in group 1 and decreases or is scattered in group 2 with 
increasing SiÜ2. Figure 29 shows group 1 and 2 variations as plotted on Si02  vs. 
MgO, FeO, and AI2O3 diagrams. Two samples from one flow (XI2-10-94 and 
X12b-10-94) fall far outside groups 1 and 2. The relation of these samples to Xitle 
volcano is questionable, therefore, they will be excluded from further discussion.
Trace elejiients
Cr decreases in group 2 and increases in group 1, while Ni data is 
scattered with increasing Si02 (Figure 30). Zr and Sr (Figure 31a) show 
considerable scatter while Rb and Ba slightly increase in group 2 and remain 
constant in group 1 with increasing Si0 2 . REE slightly increase in group 2 with 
increasing Si02, yet the overall concentrations are lower than in group 1. Group 
1 is similar to the northern McCullough Range andésites in that trace element 
concentrations vary widely within tlie group. In addition, group 1 shows a lack
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of increase in incompatible element concentrations with increasing Si0 2  (Figure 
31b and c).
Elemental abundances were normalized to both primitive mantle (Sun 
and McDonough, 1989) and OIB (Fitton et al., 1991). On primitive mantle 
diagrams, Xitle lavas are similar to OIB, but have troughs at Rb, Th, and Ti, and a 
peak a t Pb (Figure 32a). On OIB normalized spider diagrams, Xitle lavas are 
similar to OIB but are slightly depleted in Rb, Ba, and TREE and exhibit Nb and 
Ti troughs (Figure 32b). Basalts and basaltic andésites also show a slight increase 
in K, Sr, P, and Zr relative to OIB. The two groups are indistinguishable on 
spider diagrams (Figure 32a and b).
Sr and Nd isotopes were obtained for two samples; one from each 
geochemical group. Group 1 (X4-10-94) exhibits a 87Sr/86Sr of 0.70382 and an 
Sisjd of 3.38. Group 2 (X16-10-94) has a ^7Sr/86Sr of 0.70352 and an SNd of 4.92 
(Figure 32c). These differences are small but are greater than that produced from 
analytical uncertainty (Figure 32c).
Petrography
Basaltic-andesite flows from Xitle volcano contain plagioclase and olivine 
phenocrysts in a fine-grained groundmass consisting of plagioclase and olivine. 
Groups 1 and 2 are distinguishable petrographically by differences in the amount 
and type of phenocrysts. Group 1 flows are fine-grained with phenocrysts (9.6%) 
of plagioclase (10%; up to 0.75 mm) and olivine (90%; up to 0.5 mm). Flows of 
the Xicontle lava dome (group 1) contain phenocrysts (14.4%) of olivine (100%). 
The groundmass contains plagioclase laths, olivine, and devitrified glass.
Group 2 flows are coarser grained than group 1 with 26.6% phenocrysts of 
plagioclase (58%; up to 2 mm) and olivine (42%; up to 3 mm). The groundmass
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contains plagioclase laths, olivine, Fe-Ti minerals, vesicles, and devitrified glass. 
Refer to Appendix I for point count data.
Geochemical modeling 
Geochemistry and isotopic data indicate that groups 1 and 2 may be 
independent partial melts of the asthenospheric mantle. Modeling of groups 1 
and 2, therefore, was done separately. Recharge, fractionation, and magma 
mixing are the petrogenetic models used to assess the chemical variation of the 
Xitle rocks within the two chemical groups.
Recharge
Recharge significantly increases incompatible element abundances with 
increasing SiOi (O'Hara, 1977). Variation in trace and REE concentrations is 
limited among samples in group 1 and increases in incompatible elements in 
group 2 with increasing SiOi are small (Figure 31). Recharge, therefore, is most 
likely not a dominant process in the production of either group of Xitle flows.
Fractional Crystallization
Models involving the fractionation of olivine, clinopyroxene, and 
plagioclase were attempted to explain the chemical variation within the two 
groups. Distribution coefficients for olivine are from Villemant et al. (1981), and 
the remaining elements are from Table 5 in Larsen and Smith (1990) (Table 1).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
80
Group 1
During differentiation processes such as fractionation, incompatible 
elements will preferentially partition into the m elt while compatible elements 
remain in the crystallizing mineral phases. As a result, incompatible elements 
should increase with increasing Si02 if fractionation occurred. In group 1, 
however, most incompatible elements remain constant as Si02  increases while 
the compatible elements Cr and Ni increase with increasing Si02 (Figures 30 and 
31). Fractionation models, therefore, can not explain the chemical variation in 
group 1. Pétrographie evidence also suggests that the magma from group 1 
erupted quickly without undergoing significant fractionation. Thin sections 
show the rocks to be fine-grained with a trachytic texture suggesting that magma 
erupted rapidly without ponding in the upper crust.
Group 2
In group 2, however, incompatible element trends indicate fractionation as 
a possible petrogenetic process. In group 2, the incompatible element plot of Yb 
vs. Hf, as well as Si02  vs. FeO/MgO, shows a positive slope consistent with 
crystal fractionation (Figure 33a and b). Because MgO is more compatible than 
FeO in clinopyroxene and olivine, fractionation of these phases should result in 
an increase in the FeO/M gO ratio with increasing amounts of crystal 
fractionation and increasing Si02 .
Group 2 fractionation models use sample XI6-10-94 as the parent magma 
based on its low Si0 2  (50.1 wt.%) and high MgO (9.4 wt.%) and Cr (300 ppm) 
contents. Other samples such as X14-10-94, XI5-10-94 and XI7-10-94 could also 
be used as parents. Plots of incompatible elements La, Sm, and Yb vs. compatible 
element Cr show that the rocks from group 2 can be fractionated from Scimple
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X16-10-94 (Figure 34). These models require small amounts of fractionation (<15 
%) of between 50-90% olivine, 10-50% plagioclase, and 0-10% clinopyroxene. The 
chemical variation in group 2, therefore, can be explained by fractionation.
Pétrographie evidence also suggests that crystal fractionation processes 
operated within group 2. In contrast to group 1, thin sections from group 2 show 
phenocryst rich textures suggesting that the magma may have ponded in an 
upper crustal chamber, thus allowing differentiation processes such as 
fractionation to occur.
M ixing
The variation in trace and REE elements within group 1 is small, however, 
the variation in compatible trace elements and major element abundances is 
greater than can be explained by analytical uncertainty (Appendix IV). The 
chemical variations in group 1 Xitle flows can possibly be explained by a mixing 
model similar to that proposed for andésites in the northern McCullough Range. 
Two or more magmas with similar trace element compositions may have mixed 
together to produce such trends as are observed in group 1. This model explains 
the lack of increase in incompatible elements and the increase in compatible 
elements with increasing Si02  within this group. Limited sampling, however, 
prevents quantitative testing of this model or the determination of possible end 
members. It is also possible that the variation in chemistry reflects slight 
variations in the source composition.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
82
Discussion
Stratigraphie implications
The two groups of lavas at Xitle volcano have different distributions. 
Group 1 lavas crop out in and around the cinder cone and Xicontle vent cluster. 
Group 2 lavas occur at a distance from the cone and do not seem to have erupted 
from either the cinder cone or Xicontle (Figure 27). These observations support 
Lillian Martin's interpretation of temporal separation of local and distal flows, as 
well as the complicated stratigraphy of tube-fed lava flows. Delgado's model of 
long flows radiating from the cinder cone is not supported.
Comparisons to the northern McCullough Range
Tectonic setting
Although Xitle volcano and the volcanic section in the northern 
McCullough Range both formed during extension, the tectonic settings are 
different. The volcanic rocks in the northern McCullough Range formed in the 
southern Basin and Range between ~15 and 13 Ma. At this time, subduction off 
the western margin of the North American Plate had ceased (by around 25 Ma) 
and been replaced with a transform margin (Severinghaus and Atwater, 1990). 
The Mendocino triple junction swept through the latitude of Las Vegas around 
17 or 16 Ma. While it is possible that the older units in the northern McCullough 
Range volcanic section (Ivan Canyon andésite. Colony dacite, lower member of 
the Farmer Canyon andésite) erupted during the waning stages of subduction, 
the upper units where most samples were collected (upper member of the 
Farmer Canyon andésite and For Ridge andésite) erupted after subduction 
ceased and extension was initiated. This observation does not discount the
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possibility of a remnant detached slab in the area. In contrast, Xitle volcano 
formed in the TMVB where complex plate movements produced an extensional 
terrane that is superimposed on the subduction-related volcanic arc. In this area, 
extension is occurring synchronously with subduction (see Geologic Background 
section of this Chapter). The effect of subduction on volcanism or possible 
contribution of a slab component in either area, however, is not clear.
Petrogenesis
Xitle volcano was thought to be a simple monogenetic volcano, but this 
study demonstrates the presence of two different magma batches that underwent 
different petrogenetic processes. In group 1, chemical trends possibly indicate 
mixing between two similar but separate mafic sources. In this sense, a similarity 
exists between the petrogenesis of Xitle and McCullough Range volcanoes. Both 
areas contain multiple magma batches of basaltic-andesitic composition.
In the northern McCullough Range and the Xitle volcano lavas, 
pétrographie evidence does not support magma mixing models. The lack of 
evidence for magma mixing is expected because the mixing of two andesitic 
magmas of similar composition will not result in distinct mixing textures, 
disequilibria mineral assemblages, or other features commonly associated with 
magma mixing of mafic and felsic end members (e.g. see Koyaguchi, 1986).
This preliminary study demonstrates the possible global applications of 
the McCullough Range type magmatic system. Andésite dominated systems in 
the two extensional environments may have been produced in part by the 
mixing of different mafic magma batches. The importance and existence of 
different mafic sources in these areas and the possible mixing of these magmas to 
produce andésites should be evaluated in other areas of regional extension.
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Figure 27. Diagrammatic map o f  Xitle volcano, Xicontle lava dome and six associated 
Xitle flows. Flows are labelled with roman numerals from oldest (I) to youngest (VI). 
Most flows followed paths to the north and northeast toward Mexico City. Bold 
numbers (ie. X 4-10-94) and symbols represent sample locations. Mapping by Delgado 
and students at the National University o f  Mexico (UNAM). Lillian Martin, however, 
suggests a different stratigraphy (see Chapter 6 , Geologic Background section).
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Figure 28. Rock classification diagrams o f Xitle volcanic rocks (Irvine and Baragar, 
1971). (a) Alkaline vs. subalkaline. (b) Tholeiitic vs. calc-alkaline, (c) AN vs. CL 
AN=100 An/(An+Ab+(5/3Ne)), Cl-Color Index=normative ol+cpx+mt +il+hm in wt. %.
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Figure 29. Marker diagrams showing SiOz (wt. %) vs. MgO, FeO, and AI2 O3  (wt. %). 
Xitle flows fall into two groups, designated groups 1 and 2. Samples 12 and 12b 
consistently fall far outside groups 1 and 2. Their relationship to Xitle volcano is 
unclear, so they are excluded from further discussion.
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Figure 30. Marker diagrams showing SiOi (wt. %) vs. compatible trace elements Cr and 
Ni (ppm), (a) Cr increases in group 1 and shows scatter in group 2 with increasing SiO]. 
(b) Ni data is scattered.
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Figure 3 1. Marker diagrams showing Si0 2  (wt. %) vs. selected trace elements Sr, La, 
and Th (ppm). Xitle rocks fall into two groups, (a) Sr data is scattered in group 2 and 
decreases in group 1. (b) and (c) Group 1 decreases in incompatible element 
concentrations with increasing SiO], while group 2  increases in incompatible element 
concentrations with increasing SiOi.
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Figure 32. Normalized spider diagrams and isotopic data for Xitle rocks, (a) Rocks 
normalized to primitive mantle abundances from Sun and McDonough (1989). Note the 
troughs at Rb, Th, Ti and the peak at Pb. (b) Xitle lavas are similar to OIB but are 
slightly depleted in Rb, Ba, and LREE and exhibit Nb and Ti troughs, (c) The two Xitle 
geochemical groups also plot separately on an initial Sr diagram. The differences are 
small but are greater than that produced from analytical error (error bars shown). Note 
that error bar for initial Sr is shorter than the width of a symbol.
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Figure 33. (a) Incompatible element plot o f Yb vs. Hf shows that group 2 has a positive 
slope consistent with fractionation, while group 1 clusters, (b) SiOi vs. FeO/MgO plot 
also shows a positive slope in group 2  consistent with fractionation.
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Figure 34. Fractional crystallization models for group 2 Xitle lavas. Models used the 
least evolved andésite sample X I6 -10-94 as the parent and require small amounts of 
fractionation (<15 %) o f  between 50-90 % olivine, 10-50 % plagioclase, and O-IO %cpx.
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Chapter 7
Conclusions
Important conclusions of this thesis that address the petrogenesis of andésites 
are:
1. Andésites of the northern McCullough Range are not homogeneous, but 
instead display a wide range of trace element chemistry and fall into at least 3 
isotopic groups: A, B, and C. These isotopic groups represent three distinct 
andesitic end members.
2. Geochemical data and petrogenetic modeling show that many of the andésites 
in the northern McCullough Range were produced by mixing of the andesitic 
magmas represented by isotopic groups A and B.
3. The McCullough Range magmatic process involving mixing of andesitic
magmas to produce andésite dominated sections has not been described before
and is a significant contribution of this study. It provides a new explanation for
andésite petrogenesis in extensional terranes, and may be applied to other
andésite dominated sections in the Basin and Range.
93
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4. The preliminary study of Xitle volcano in central Mexico shows similarities to 
the McCullough Range process. It is possible, therefore, that the petrogenetic 
model developed in the northern McCullough Range may be applied to 
extensional environments in other areas of the world.
Other contributions of this thesis include:
5. The volcanic section in the northern McCullough Range consists of a series of 
andésite flows, breccias, debris flows, as well as dacite domes and flows. These 
units were assigned informal names in this study and are as follows from oldest 
to youngest: the Ivan Canyon andésite, the Colony dacite, the Farmer Canyon 
andésite, and the Fog Ridge andésite. The Ivan Canyon andésite and Colony 
dacite sections were not described prior to this study.
6. Field observations support Weber and Smith's (1987) suggestion of a 
stratocone in the northern McCullough Range. This stratocone is most likely 
associated with eruption of the Farmer Canyon andésite section and possibly the 
Fog Ridge andésite section. In addition, a vent area for the Colony dacite is 
described.
7. Westerly dips in the northern McCullough Range may be due to structural 
tilting related to normal faulting. Dips south of the field area are to the east 
suggesting that there is a dip reversal in the central and western McCullough 
Range. The axis of this reversal lies just north of the McCullough Pass Caldera 
and passes through Hidden Valley.
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Appendix I: Point Count Data
Whole rock model analyses; counts normalized to 100% (500 counts per section).
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Fog Ridge andésite (Tfra) upper member o f  the Fanner Canyon 
andésite (Tfaii)
Colony (Ted) 
rliyolite
Ted
andésite
p h e n o c r y s t s 2 0 .6 2 3 .2 3 0 .8 3 9 .4 3 0 .2  15.4 4 0 .0 34 .6 2 1 .0 19 .6
p la g io c la s e 7 5 .7 13.8 6 1 .7 6 3 .4 6 4 .2  9 4 .8 7 2 .0 68 .2 16 .2 70.4
o liv in e 14 .6 4 5 .7 13 .0 7.1 3 .3 4 .5 15 .6
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s a n id in e 71A
b io t ite 4 .8 26 .5
F e-T i o x id e s 4 .0 6 .7 3.1
m a tr ix 79 .4 76 .8 6 9 .2 6 0 .6 6 9 .8  8 4 .6 6 0 .0 65 .4 7 9 .0 80 .4
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c lin o p y r o x e n e
h o r n b le n d e
3 .8 4 6 .7 16 .4
trace
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Appendix II 
Regional Structure and Tectonics
Wernicke et al. (1988) defined three zones of Cenozoic extension at the 
latitude of Las Vegas. These zones consist of a central relatively unextended 
block and two topographically low, highly extended blocks containing down-to- 
the-west normal faults. The extended block to the east was labeled the Las Vegas 
system, and the extended block to the west the Death Valley system (Wernicke et 
al., 1988). Although the McCullough Range lies within the Las Vegas system, it 
is a stable block when compared to other ranges in the region (Figure Ila). In the 
McCullough Range, Tertiary faulting resulted in only 20% extension, and only a 
few major faults crop out (Weber and Smith, 1987). The Spring Range (see 
Figure 1) just west of the McCullough Range is also relatively unextended, 
although some rotation of the range may have occurred during Tertiary 
extension (Wernicke, 1988). The River Mountains just northeast of the 
McCullough Range have been extended about 40% (Weber and Smith, 1987). In 
contrast, the Eldorado Mountains just east of the McCullough Range are highly 
faulted and were extended over 100% (Anderson, 1971).
Weber and Smith (1987) proposed a model to explain the structural 
integrity of the McCullough Range. They suggested that the River, Eldorado, 
and McCullough ranges lie in the upper plate of a west-dipping detachment 
fault, and that strike-slip and normal faults are transfer structures separating
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zones of variable extension in the upper plate (Figure Ha). For example, the 
Hamblin-Bay fault forms the structural boundary between the River and 
Eldorado mountains. Weber and Smith (1987) called upon a high-angle, west- 
dipping normal fault (the Eldorado Valley fault) east of the McCullough Range 
to account for the 25°-40° east tilt in the central and southern part of the range. 
They proposed that the Hamblin-Bay fault turns south into the Eldorado Valley 
and becomes the Eldorado Valley fault which in turn soles into the underlying 
detachment. The Eldorado Valley fault may serve as the boundary between the 
McCullough and Eldorado fault-blocks. Weber and Smith (1987) suggested that 
the difference in the magnitude of extension between these two blocks is due to 
differences in the thickness of the hanging wall of this detachment structure. The 
hanging wall is thick beneath the McCullough Range, so the range was carried to 
the west in a coherent block without being internally faulted. In contrast, the 
Eldorado Range sits on a thin, easily deformed slice of the upper plate and 
therefore, was tilted and faulted during extension.
A model by Duebendorfer and Wallin (1991) refined the model of Weber 
and Smith (1987) and described temporal and spatial relations among the three 
main Tertiary structures in the Lake Mead area: the Lake Mead fault system, the 
Las Vegas Valley shear zone, and the Saddle Island Detachment (Figure lib). The 
authors note that in the Lake Mead area between 12 and 9 Ma, basin 
development, normal faulting, stratal tilting, and volcanism occurred coevally 
with movement along the Las Vegas Valley shear zone and the Saddle Island 
Detachment. Furthermore, stratigraphie relations of Tertiary sedimentary rocks 
in Las Vegas Wash suggest that the River Mountains and Frenchman Mountain 
were part of the same structural block by 13.5 Ma (Bell and Smith, 1980). 
Movement along the Las Vegas Valley shear zone and the Saddle Island
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Detachment at about 12 Ma displaced this block westward (Duebendorfer and 
Wallin, 1991). Because no structures have been identified separating the River 
Mountains from the McCullough Range, the McCullough Range is part of the 
same structural block that contains Frenchman Mountain and the River 
Mountains. The McCullough Range, therefore, also moved westward (Bridwell, 
1991).
A more recent model by Anderson et al. (1994) offers an alternative 
explanation to the structural development of the Lake Mead area. Instead of 
detachment faulting, the authors called upon large scale tectonic escape related 
to structural rafting of fault blocks on top of a "flowing undermass of midcrustal 
material." They perceived the Lake Mead fault system as a complex zone of 
crustal flow where large scale upper-crustal blocks underwent horizontal 
collapse and westerly tectonic escape to accommodate intense north-south 
shortening. Anderson et al. (1994) suggested that models that view the Lake 
Mead fault system as a boundary separating regions of differential extension are 
too simplistic, and that detachment faults accommodated only minor amounts of 
extension. Although this hypothesis differs from previous models, it also 
requires that the McCullough Range moved to the west during regional 
extension.
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BSVF=Bitter Spring Valley 
EVF=Eldorado Valley 
HBF=Hamblin Bay 
SIF=Saddle Island
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Figure Ila. Simplified geologic map showing major faults in the Lake M ead area as 
described by Weber and Smith (1987). The McCullough Range is less extended than 
other ranges in the area and lies in the upper plate o f  a west-dipping detachment fault. 
AW-NP-KC= Aztec Wash, Nelson, and Keyhole Canyon plutons; BM =Black 
Mountains; BCP=Boulder City pluton; EM =Eldorado Mountains; FM =Frenchmen 
Mountain; HCV=Hamblin-Cleopatra volcano; HC=Henderson caldera; HSR=Highland 
Spring Range; HDC=Hoover Dam caldera; LM =Lake Mead; M PC=M cCullough Pass 
caldera; M R=M cCullough Range; MP=Mt. Perkins pluton; RPP=RaiIroad Pass pluton; 
RM=River Mountains; SS=Sloan Sag; W RP=W ilson Ridge pluton.
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Figure Ilb. Map o f  major fault systems in the Lake Mead area (Purkey et 
al.. 1994)
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Appendix III 
Geochemical data
Whole rock chemical analyses of samples from the northern McCullough 
Range are reported by rock units. Totals for major oxides do not include loss on 
ignition values (LOI). Blank spaces indicate that no analyses were performed. 
Plate 1 contains a map including sample locations. Samples Al-3-94 through A8- 
6-94 trace element data was analyzed by INAA. All remaining samples were 
done by ICP-MS.
bas-and=basaltic-andesite; g-diorite=granodiorite 
Tfra=Fog Ridge andésite
Tfau=upper member of the Farmer Canyon andésite 
Tfal=lower member of the Farmer Canyon andésite 
Tcd=Colony dacite 
Tica=Ivan Canyon andésite
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Whole Rock Chemical Analyses of the northern McCullough Range rocks.
Sample # Al-3-94 A2-3-94 A3-3-94 A4-3-94 A5-3-94 A6-3-94
unit name Tfra Tfra Tfra Tfra Tfra Tfra
rock type andésite andésite andésite andésite bas-and andésite
isotope group 8 A B B A B
X-Ray Fluorescence Analysis, wt. %
Si02 53.44 52.46 52.94 53.93 50.17 53.37
AI2O3 17.60 15.87 16.12 16.89 14.47 16.76
Ti0 2 1.42 1.55 1.45 1.51 1.64 1.44
FeO 7.72 8.10 7.36 7.75 8.77 7.65
CaO 7.16 8.31 7.82 7.30 8.45 7.48
K2O 4.18 3.17 3.41 3.47 2.81 3.46
MnO 0.12 0.13 0.12 0.12 0.13 0.12
P2O5 1.59 0.91 1.00 0.79 0.81 0.76
Na20 3.16 2.99 3.06 3.15 2.38 3.12
MgO 3.56 5.93 5.10 4.50 7.15 4.41
Total 99.95 99.41 98.37 99.40 96.78 98.57
X-Ray Fluorescence Analysis, ppm
Cr 39 193 166 101 243 102
Zr 477 388 416 411 347 406
Rb 98 87 78 92 80 95
Sr 2005 1090 1133 971 975 1023
Nb 19 21 21 21 19 21
Ni 34 87 85 56 158 56
Y 26 26 26 25 26 26
Ba 2218 1333 1619 1431 1608 1514
Isotope values calculated from data obtained by Isotope Dilution Analyses
8 Nd -6.67 -6.24 -7.11 -6.94 -6.95 -7.39
87Sr/86Sr(i) 0.70813 0.70774 0.70820 0.70819 0.70758 0.70827
206pb/204p'b 18.52 18.50 18.40 18.41 18.49 18.13
207pb/204pb 15.59 15.60 15.58 15.61 15.56 15.54
208pb/204pb 39.02 38.99 38.88 39.11 38.86 38.96
Instrumental Neutron Activation Analysis, ppm
La 110.3 87.1 101.8 89.1 76.9 85.6
Lu 0.3 0.4 0.3 0.3 0.3 0.4
Sm 17.8 13.1 13.9 13.0 12.4 12.6
U 2.5 2.6 3.3 5.3 4.0 3.4
Yb 2.17 2.14 2.12 2.44 1.75 2.55
Ce 215.2 167.6 199.3 171.3 150.8 163.5
Cs 1.08 2.16 1.46 2.06 1.79 2.27
Eu 4.24 2.87 3.07 2.99 3.02 2.67
Hf 8.88 8.41 9.66 9.43 7.55 8.90
Nd 104.78 73.51 74.19 87.87 64.21 62.54
Ta 0.74 1.19 1.34 1.25 1.15 1.09
Tb 1.48 0.93 1.15 1.17 1.13 1.21
Pr
Dy
Th 13.99 16.95 18.45 17.96 15.10 16.71
La' 1.4 1.1 1.3 1.2 1.0 1.1
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Sample # A l-6 -94 A2-6-94 A3-6-94 A4-6-94 A5-6-94 A6-6-94
unit name Tfau Tfau Tfra Tfra dike-Tfau dike-Tfal
rock type andésite andésite andésite andésite andésite dacite
isotope group C C B B D
Si0 2 53.46
X-Ray Fluorescence Analysis, wt. % 
58.88 58.31 52.90 59.83 63.23
AI2 O3 16.00 17.05 16.72 15.98 16.19 16.04
T1O2 1.21 1.05 1.03 1.20 0.84 0.55
FeO 7.58 5.63 5.70 7.77 4.73 3.18
CaO 6.98 5.02 4.86 7.16 4.02 1.94
K2 O 2.92 3.21 3.23 2.81 4.33 4.26
MnO 0.12 0.07 0.09 0.13 0.11 0.11
P2 O5 0.54 0.50 0.54 0.55 0.44 0.36
Na20 3.15 3.38 3.39 3.14 3.42 3.89
MgO 5.06 2.33 2.56 4.79 2.02 1.50
Total 97.02 97.12 96.43 96.43 95.93 95.03
Cr 9
X-Ray Fluorescence Analysis, ppm 
12 54 66 10 0
Zr 277 300 326 315 364 441
Rb 83 70 92 84 139 130
Sr 906 1023 1101 1046 748 776
Nb 14 14 17 16 22 22
Ni
V
6 8 67 67 10 0
Ba 1410 1605 1416 1419 1524 1973
Isotope values calculated from data obtained by Isotope Dilution Analyses
£ Nd -9.19 -8.83 -7.40 -7.18 -10.10 -8.62
87Sr/86Sr(i) 0.70901 0.70897 0.70821 0.70813 0.70968 0.70946
206pb/204jb't) 18.02 18.05 18.30 18.29 18.08 18.16
207pb/204pb 15.52 15.55 15.54 15.53 15.57 15.58
208pb/204pb 38.67 38.67 38.91 38.87 39.26 39.04
La
Instrumental Neutron Activation Analysis, ppm 
74.4 70.3 69.1 67.9 76.7 94.7
Lu 0.3 0.4 0.3 0.3 0.4 0.4
Sm 10.3 10.3 10.7 10.6 10.2 11.1
U 2.6 2.6 2.6 2.7 4.1 3.0
Yb 2.58 2.32 2.10 2.23 2.44 2.95
Ce 139.2 132.1 136.0 135.3 145.7 176.6
Cs 1.83 0.91 1.47 1.09 1.36 1.99
Eu 2.45 2.48 2.67 2.53 2.05 2.44
Hf 7.06 6.62 7.00 6.84 9.23 11.08
Nd 51.49 92.92 65.71 59.92 69.25 70.17
Ta 1.19 0.85 1.19 0.88 1.38 1.31
Tb 0.95 1.01 1.13 0.93 1.07 0.98
Pr
Dy
Th 13.68 12.97 12.26 12.06 15.51 16.91
La' 1.0 0.9 0.9 0.9 1.0 1.2
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Sample # A 7-6-94 A8-6-94 M l-1-95 M 2 -1-95 M 4-1-95 M 5-1-95
unit dike-Tfal Ti Tfra Tfra Tfra Tfal
rock type dacite g-diorite andésite andésite andésite andésite
isotope group D C
X-Ray Fluorescence Analysis, wt. %
Si02 64.01 68.17 53.39 56.68 52.96 55.60
AI2O3 15.57 14.56 15.93 17.08 16.11 16.60
Ti0 2 0.53 0.43 1.30 1.18 1.26 0.98
FeO 3.10 2.36 8.20 7.60 7.17 5.58
CaO 3.06 1.70 7.95 6.24 7.12 4.37
K2O 4.69 5.01 2.50 3.08 2.79 3.68
MnO 0.07 0.05 0.12 0.11 0.10 0.08
P2O5 0.26 0.25 0.49 0.56 0.57 0.47
Na20 2.84 3.78 3.15 3.24 2.99 3.20
MgO 1.60 0.87 5.48 3.04 4.73 2.51
Total 95.72 97.18 98.50 98.82 95.80 93.06
X-Ray Fluorescence Analysis, ppm
Cr 0 10 97 23 46 22
Zr 434 232 263 259 265 345
Rb 139 163 63 46 52 80
Sr 751 340 1089 791 956 871
Nb 21 24 12 12 13 17
Ni 0 6 0 72 48 0
Y 23 22 21 30
Ba 1187 1190 1158 1053 1207 1437
Isotope values calculated from data obtained by Isotope Dilution Analyses
8  Nd -8.68 -8.87 -9.65
87Sr/86Sr/j) 0.70958 0.71016 0.70922
206pb/204hb 18.36 17.98
207pb/204pb 15.58 15.54
208pb/204pb 38.98 39.05
Instrumental Neutron Activation Analysis, ppm; Inductively Coupled Plasma Mass
Spectrometer, ppm
La 91.0 68.1 74.8 58.9 64.5 91.3
Lu 0.4 0.4 0.4 0.4 0.3 0.4
Sm 10.6 7.6 11.7 9.8 11.2 12.4
U 3.6 5.1 3.5 2.1 2.3 2.9
Yb 2.73 2.57 2.51 2.31 2.16 2.67
Ce 170.9 131.3 137.2 111.0 121.0 170.3
Cs 1.57 1.59 2.02 1.18 1.54 0.94
Eu 2.45 1.54 2.91 2.48 2.85 2.84
Hf 11.11 7.62 5.63 5.74 5.81 7.67
Nd 109.98 39.50 63.87 50.21 57.51 71.14
Ta 1.13 2.12 0.80 0.95 0.94 1.09
Tb 0.92 0.74 1.14 1.05 1.09 1.16
Pr 15.97 12.67 14.21 18.65
Dy 6.02 5.72 5.72 6.2
Th 16.74 26.39 14.20 9.31 9.40 16.16
La' 1.2 0.9 1.0 0.8 0.8 1.2
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Sample # M6-1-95 M7-1-95 M S-1-95 M9-1-95 MlO-1-95 M ll-1 -9 5
unit dike-Tfal Tfra Tfra Tfra Tfau dike-Trau
rock type andésite andésite andésite andésite andésite andésite
isotope group B
X-Ray Fluorescence Analysis, wt. %
Si02 53.40 58.24 57.43 57.62 51.47 52.99
AI2O3 15.67 16.57 16.61 17.02 17.22 16.01
Ti02 1.32 1.03 1.00 0.98 1.09 1.23
FeO 7.34 5.85 5.53 5.25 7.07 6.84
CaO 6.17 5.03 4.94 4.58 7.22 6.74
KgO 3.51 3.15 3.20 4.28 3.51 3.95
MnO 0.10 0.09 0.09 0.08 0.08 0.10
P2 O5 0.58 0.48 0.48 0.48 0.73 0.64
Na20 3.09 3.51 3.28 3.60 3.14 3.20
MgO 5.33 2.22 2.16 1.70 3.60 4.15
Total 96.51 96.17 94.72 95.59 95.13 95.85
X-Ray Fluorescence Analysis, ppm
Cr 114 15 18 16 29 72
Zr 356 278 264 379 360 402
Rb 81 74 66 98 76 91
Sr 849 855 817 843 1257 945
Nb 19 13 13 18 15 20
Ni 90 0 0 0 0 53
Y 27 30 26 29 29 32
Ba 1344 1516 1215 1466 1839 1543
Isotope values calculated from data obtained by Isotope Dilution Analyses
8 Nd -7.21
87Sr/86Sr(i) 0.70832
206pb/204pb
207pb/204pb
2Q8pb/204pb
Instrumental Neutron Activation Analysis, ppm; Inductively Coupled Plasma Mass
Spectrometer, ppm
La 88.4 68.2 66.7 86.4 87.4 91.4
Lu 0.4 0.4 0.4 0.4 0.4 0.4
Sm 13.0 10.3 9.9 11.5 13.9 13.5
U 4.0 2.4 2.4 3.3 2.9 4.2
Yb 2.35 2.58 2.50 2.47 2.32 2.41
Ce 161.7 125.3 123.6 160.0 162.7 170.0
Cs 2.02 1.91 1.64 1.46 1.35 1.35
Eu 2.97 2.49 2.49 2.55 3.55 3.00
Hf 8.48 6.13 5.87 8.70 7.26 8.91
Nd 69.67 53.49 52.79 65.32 72.41 73.32
Ta 1.52 1.02 1.01 1.34 0.89 1,34
Tb 1.16 1.09 1.05 1.10 1.25 1.21
Pr 17.85 13.92 13.7 17.58 18.41 19.02
Dy 6.28 5.91 5.84 5.89 6.18 6.39
Th 17.49 11.60 11.02 14.06 11.20 17.93
La' 1.1 0.9 0.9 1.1 1.1 1.2
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Sample # M12-1-95 MI3-1-95 M14-1-95 M15-1-95 M16-1-95 M17-1-95
unit Tfau Tfau Tfau Tfra dike-Tfau Tfra
rock type andésite andésite andésite andésite andésite andésite
isotope group B
X-Ray Fluorescence Analysis, wt. %
Si02 51.15 52.01 51.06 55.14 56.29 53.72
AI2O3 17.06 16.83 16.97 18.03 16.00 15.46
Ti0 2 1.12 1.13 1.26 1.16 1.13 1.17
FeO 7.56 7.57 7.65 5.40 6.47 7.31
CaO 7.28 7.14 7.58 4.68 5.87 7.40
K2O 3.31 3.54 2.85 5.04 3.63 3.36
MnO 0.11 0.09 0.12 0.09 0.10 0.11
P2O5 0.74 0.73 0.58 0.57 0.55 0.60
Na20 3.08 3.12 3.09 3.80 3.39 2.99
MgO 3.77 3.69 4.32 1.83 3.98 5.78
Total 95.18 95.85 95.47 95.73 97.41 97.90
X-Ray Fluorescence Analysis, ppm
Cr 24 20 45 19 55 146
Zr 369 311 275 458 328 364
Rb 56 67 55 131 68 84
Sr 1335 1141 858 861 752 888
Nb 15 13 13 27 17 18
Ni 0 0 42 0 62 87
Y 29 23 25 35 24 27
Ba 2276 1375 1270 1579 803 1226
Isotope values calculated from data obtained by Isotope Dilution Analyses
8 Nd -6.84
87Sr/86Sr(i) 0.70821
206pb/204pb
207pb/204pb
208pjy204pb
Instrumental Neutron Activation Analysis, ppm; Inductively Coupled Plasma Mass
Spectrometer, ppm
La 88.7 89.1 61.4 101.3 88.0 79.1
Lu 0.4 0.4 0.4 0.4 0.4 0.4
Sm 14.6 14.7 10.6 13.5 12.9 12.4
U 3.0 3.2 1.8 5.4 3.1 3.7
Yb 2.35 2.30 2.34 2.60 2.54 2.35
Ce 167.1 168.2 117.2 188.8 156.9 148.9
Cs 2.22 2.05 0.89 2.51 1.45 2.45
Eu 3.66 3.68 2.72 3.05 2.91 2.97
Hf 7.38 7.01 5.92 10.48 8.74 7.83
Nd 75.51 77.03 54.41 76.38 69.36 66.96
Ta 0.89 0.85 0.85 1.77 1.34 1.27
Tb 1.32 1.31 1.11 1.21 1.18 1.21
Pr 19.34 19.26 13.61 20.38 17.95 17.15
Dy 6.73 6.51 5.92 6.24 6.57 6.21
Th 12.26 11.82 7.77 20.43 14.97 15.12
La' 1.2 1.2 0.8 1.3 1.1 1.0
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Sample # M18-1-95 M19-1-95 M20-1-95 M21-1-95 M22-1-95 M23-1-95
unit Tfra Tfra Tfra Tfra Tfra Ted
rock type andésite andésite andésite andésite andésite rhyolite
isotope group D
X-Ray Fluorescence Analysis, wt. %
Si02 54.58 54.27 55.76 52.43 54.58 70.70
AI2O3 15.74 15.82 16.07 14.85 16.08 14.60
Ti02 1.15 1.16 1.15 1.33 1.26 0.35
FeO 7.52 7.48 7.44 8.13 7.46 1.64
CaO 7.55 7.49 7.86 8.08 6.83 1.09
K2O 2.93 2.91 2.97 2.92 3.53 8.55
MnO 0.11 0.11 0.11 0.12 0.11 0.04
P2O5 0.50 0.47 0.52 0.66 0.58 0.05
Na20 3.19 3.32 3.35 3.08 3.38 2.87
MgO 5.31 5.33 5.80 7.17 4.70 0.18
Total 98.58 98.36 101.03 98.78 98.51 100.07
X-Ray Fluorescence Analysis, ppm
Cr 123 126 149 219 78 23
Zr 294 286 304 348 379 281
Rb 65 66 68 65 74 198
Sr 759 741 790 962 850 130
Nb 15 14 15 19 18 31
Ni 78 81 91 146 50 0
Y 23 22 24 26 29 30
Ba 936 958 1117 1486 1119 276
Isotope values calculated from data obtained by Isotope Dilution Analyses
E Nd -8.46
87sr/86sr(i) 0.70932
206pb/204pt,
207pb/204pb
208pb/204pb
Instrumental Neutron Activation Analysis, ppm; Inductively Coupled Plasma Mass
Spectrometer, ppm
La 60.4 62.5 63.7 78.5 86.2 99.9
Lu 0.4 0.4 0.4 0.3 0.4 0.4
Sm 9.8 10.3 10.5 12.7 13.0 9.6
U 3.6 2.9 3.2 3.4 4.0 6.3
Yb 2.34 2.32 2.33 2.23 2.70 2.27
Ce 114.1 116.6 117.8 144.6 160.1 169.5
Cs 1.99 1.79 2.09 1.86 1.13 2.75
Eu 2.35 2.44 2.54 3.06 2.91 1.55
Hf 6.17 6.45 6.55 7.32 8.58 8.52
Nd 52.77 52.40 54.31 66.19 69.81 58.12
Ta 1.00 1.04 1.06 1.23 1.30 2.48
Tb 1.01 1.04 1.05 1.23 1.27 0.88
Pr 13.44 13.43 13.56 16.53 17.74 17.1
Dy 5.57 5.65 5.89 6.4 6.83 4.96
Th 11.95 11.99 12.83 14.51 16.99 29.64
La' 0.8 0.8 0.8 1.0 1.1 1.3
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Sample # M24-1-95 M25-1-95 M26-1-95 M27-1-95 M28-1-95 M29-1-95
unit Tfra Tfra Tfra Tfra Ted Tica
rock type andésite andésite andésite andésite andésite andésite
isotope group C B
X-Ray Fluorescence Analysis, wt. %
Si02 54.39 55.27 55.98 53.96 58.07 54.15
AI2O3 15.86 16.02 16.04 15.59 15.84 15.06
Ti0 2 1.13 1.06 1.08 1.15 0.80 1.28
FeO 7.10 6.86 6.96 6.29 4.81 6.26
CaO 7.07 6.04 6.47 6.50 6.28 7.58
K2O 3.43 3.50 3.61 3.70 4.20 4.12
MnO 0.11 0.12 0.11 0.10 0.09 0.20
P2O5 0.58 0.60 0.61 0.64 0.45 0.57
Na20 3.43 3.68 3.40 3.20 3.45 3.45
MgO 5.07 4.24 4.52 4.19 1.73 3.40
Total 98.16 97.39 98.78 95.32 95.73 96.08
X-Ray Fluorescence Analysis, ppm
Cr 86 74 82 70 33 119
Zr 357 377 402 384 278 406
Rb 72 70 81 91 85 107
Sr 948 840 939 907 722 836
Nb 20 17 19 19 15 23
Ni 69 65 62 49 0 80
Y 24 29 32 27 18 23
Ba 1209 1090 1505 954 1145 1066
Isotope values calculated from data obtained by Isotope Dilution Analyses
8 Nd -9.84 -7.30
87Sr/86Sr(i) 0.70905 0.70823
206pb/204p'b
207pb/204pb
208pb/204pb
Instrumental Neutron Activation Analysis, ppm; Inductively Coupled Plasma Mass
Spectrometer, ppm
La 84.5 91.0 92.0 97.2 76.9 98.1
Lu 0.4 0.4 0.4 0.4 0.3 0.3
Sm 12.5 12.2 12.3 14.5 9.9 12.7
U 3.2 2.8 3.0 4.4 3.3 5.6
Yb 2.34 2.82 2.63 2.55 2.11 2.20
Ce 154.0 164.1 164.0 177.6 137.1 179.5
Cs 1.78 1.24 2.02 2.32 1.92 1.65
Eu 2.92 2.72 2.79 3.16 2.38 2.76
Hf 7.82 8.60 8.50 9.08 6.37 10.08
Nd 67.33 66.02 67.47 76.68 55.37 73.96
Ta 1.24 1.26 1.31 1.42 1.16 2.07
Tb 1.16 1.23 1.22 1.31 0.97 1.15
Pr 17.24 17.45 18.01 20.22 14.84 19.91
Dy 6.31 6.56 6.56 6.73 5.12 5.95
Th 14.45 14.75 14.75 18.82 15.37 24.18
La' 1.1 1.2 1.2 1.3 1.0 1.3
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Sample # M30-1-95 M31-1-95 M32-1-94 M33-1-95 M34-1-95 Ml-2-95
unit Tfra Tfra Tfra Tfra Tfra Tfra
rock type andésite andésite andésite andésite andésite andésite
isotope group
X-Ray Fluorescence Analysis, wt. %
Si02 53.00 54.20 53.95 54.75 54.13 52.76
AI2O3 15.62 15.97 15.60 15.60 15.50 15.37
Ti0 2 1.11 1.16 1.25 1.22 1.19 1.30
FeO 6.76 7.28 7.78 7.78 7.60 7.14
CaO 7.25 7.57 8.03 7.76 8.26 7.84
K2O 3.72 3.93 3.67 3.79 3.77 3.73
MnO 0.11 0.12 0.12 0.12 0.12 0.11
P2O5 0.66 0.67 0.66 0.62 0.64 0.69
Na20 3.00 3.28 3.27 3.21 3.25 3.20
MgO 4.84 5.02 5.82 6.01 5.88 5.41
Total 96.07 99.20 100.15 100.84 100.32 97.55
X-Ray Fluorescence Analysis, ppm
Cr 86 69 113 133 131 85
Zr 383 383 352 360 348 391
Rb 96 94 84 91 93 83
Sr 1005 998 930 936 899 1121
Nb 18 18 17 16 16 18
Ni 44 39 67 63 62 64
Y 29 28 27 26 24 26
Ba 1675 1567 1363 1288 1139 1324
Isotope values calculated from data obtained by Isotope Dilution Analyses
£ Nd
87Sr/86sr(i)
206pb/204'pb
207pb/204pb
208pb/204pb
Instrumental Neutron Activation Analysis, ppm; Inductively Coupled Plasma Mass
Spectrometer, ppm
La 86.5 84.5 79.0 80.0 78.9 97.1
Lu 0.4 0.4 0.4 0.4 0.4 0.4
Sm 14.4 14.0 13.4 13.5 13.3 15.2
U 3.9 3.9 3.5 3.6 3.8 4.5
Yb 2.46 2.41 2.30 2.31 2.31 2.39
Ce 163.0 159.6 150.8 148.7 146.5 181.0
Cs 2.39 2.30 1.96 2.06 2.89 1.95
Eu 3.43 3.32 3.20 3.19 3.13 3.44
Hf 8.57 8.22 7.73 8.00 7.92 8.71
Nd 73.81 72.83 67.91 68.65 68.81 81.26
Ta 1.32 1.30 1.24 1.26 1.22 1.36
Tb 1.38 1.33 1.27 1.26 1.25 1.30
Pr 18.68 18.34 17.26 17.22 17.05 20.91
Dy 7.05 6.72 6.58 6.52 6.54 6.65
Th 15.57 15.77 14.22 14.37 14.08 17.85
La' 1.1 1.1 1.0 1.0 1.0 1.3
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Sample # M2-2-95 M3-2-95 VI4-2-95 Ml-5-95 922-10
unit Tfra Tfra Tfra Ted
rock type andésite andésite andésite dacite granite
isotope group
X-Ray Fluorescence Analysis, wt. %
Si02 52.42 56.72 56.77 68.14 73.97
AI2O3 15.23 15.97 17.22 14.95 13.84
Ti02 1.21 1.27 1.19 0.49 0.16
FeO 7.63 7.25 8.03 2.40 1.66
CaO 8.56 6.41 6.51 2.21 1.28
K2O 3.26 3.98 3.14 2.69 4.24
MnO 0.12 0.11 0.12 0.05 0.04
P2O5 0.64 0.56 0.54 0.10
Na20 3.09 3.51 3.52 5.22 4.16
MgO 5.57 4.43 3.09 0.81 0.41
Total 97.72 100.21 100.12 97.05 99.76
X-Ray Fluorescence Analysis, ppm
Cr 94 70 26 11
Zr 354 403 282 340 111
Rb 71 109 65 203 122
Sr 1117 851 1151 687 300
Nb 15 20 11 22 9
Ni 60 48 0 0
Y 27 31 26 28
Ba 1395 1426 1590 785 869
Values calculated from data obtained by Isotope Dilution Analyse
S Nd -8.92 -12.50
87Sr/86Sr(i) 0.70943 0.71267
206pb/204ph
207p|y204pb
208pb/204pb
Instrumental Neutron Activation Analysis, ppm; Inductively Coupled Plasma
Mass Spectrometer, ppm
La 83.7 90.6 80.8 91.5 33.5
Lu 0.4 0.4 0.4 0.4 0.2
Sm 14.0 13.6 12.6 8.9 3.3
U 3.2 4.4 3.6 4.6
Yb 2.30 2.56 2.47 2.21 1.32
Ce 155.6 167.0 145.9 159.1 54.0
Cs 1.70 3.40 2.11 19.76
Eu 3.40 2.90 3.06 1.67 0.73
Hf 7.63 9.16 5.89 8.41
Nd 74.18 70.03 64.24 54.33 16.21
Ta 1.08 1.48 0.85 1.69 1.22
Tb 1.27 1.27 1.12 0.81 0.38
Pr 18.28 18.46 16.01 15.98
Dy 6.73 6.61 6.13 4.54
Th 12.40 18.73 15.03 22.01
La' 1.1 1.2 1.0 1.2
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Whole Rock Chemical Analyses of rocks from Xitle volcano
Sample # X4-10-94 X5-10-94 X6-10-94 X7-I0-94 X8-10-94 X9-10-94
flow 1 VI lava dome V III IV
rock type bas-and bas-and bas-and bas-and bas-and bas-and
SIO2 50.81
X-Ray Fluorescence Analysis, wt. % 
51.19 50.88 51.92 52.52 51.41
AI2O3 15.27 15.10 15.12 16.06 15.67 15.35
TI0 2 1.78 1.77 1.78 1.78 1.79 1.79
FeO 9.02 9.30 9.10 9.98 9.87 9.30
CaO 7.32 7.33 7.36 8.41 7.80 7.43
K2O 1.29 1.29 1.31 1.21 1.31 1.29
MnO 0.15 0.16 0.15 0.15 0.14 0.16
P2O5 0.56 0.56 0.57 0.51 0.55 0.53
Na20 3.20 3.24 3.17 3.97 3.93 3.34
MgO 7.25 7.76 7.64 8.24 7.99 8.04
Total 96.64 97.69 97.06 102.22 101.56 98.63
Cr 254
X-Ray Fluorescence Analysis, ppm 
265 257 288 259 237
Zr 278 279 279 233 257 274
Rb 21 21 22 17 20 22
Sr 508 509 511 476 483 513
Nb 23 23 23 16 18 22
Ni 140 153 147 121 141 128
Y 34 33 33 27 30 34
Ba 212 209 247 178 227 247
Isotope values calculated from data obtained by Isotope Dilution Analyses
S Nd
87Sr/86Sr(i) 0.70382
Instrumental Neutron Activation Analysis, ppm; Inductively Coupled Plasma Mass
La 28.5
Spectrometer, ppm 
27.8 27.3 23.2 26.7 26.8
Lu 0.4 0.5 0.4 0.4 0.4 0.4
Sm 7.3 7.4 7.1 6.4 7.2 7.3
U 0.9 0.8 0.8 0.7 0.8 0.8
Yb 2.82 2.79 2.77 2.63 2.73 2.76
Ce 57.7 57.4 56.4 47.2 54.7 56.2
Cs 0.81 0.68 0.7 0.6 0.66 0.66
Eu 2.28 2.28 2.27 2.07 2.25 2.26
Hf 5.43 5.53 5.42 4.87 5.36 5.46
Nd 30.65 29.97 30 26.54 28.95 29.43
Ta 1.53 1.55 1.54 1.37 1.53 1.55
Tb 1.08 1.07 1.07 0.97 1.04 1.08
Pr 7.11 7 6.97 5.91 6.67 6.85
Dy 6.3 6.38 6.3 5.82 6.38 6.3
Th 2.45 2.36 2.32 2.04 2.28 2.32
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Sample # X I 0-10-94 X U - 10-94 X I 2-10-94 X13-10-94 X 14-10-94 X I 5-10-95
flow II V IV II III III
rock type bas-and bas-and bas-and bas-and bas-and bas-and
SI02 52.68
X-Ray Fluorescence Analysis, wt. % 
50.28 54.33 52.28 50.77 50.83
AI2O3 15.53 15.77 15.44 15.38 15.77 15.86
TI0 2 1.77 1.80 1.06 1.80 1.84 1.89
FeO 9.92 9.35 7.03 9.74 10.19 10.19
CaO 7.55 8.16 7.30 7.54 8.60 8.53
K2O 1.32 1.12 1.22 1.30 1.12 1.13
MnO 0.15 0.15 0.12 0.15 0.15 0.15
P2O5 0.61 0.50 0.31 0.60 0.49 0.49
Na20 3.98 3.63 3.33 3.93 3.70 3.84
MgO 8.32 8.00 7.57 8.35 9.05 8.95
Total 101.83 98.76 97.72 101.07 101.67 101.84
Cr 273
X-Ray Fluorescence Analysis, ppm 
244 236 271 282 280
Zr 268 225 174 273 220 210
Rb 19 15 21 19 17 15
Sr 473 481 536 485 512 493
Nb 22 18 9 21 17 16
Ni 167 134 156 156 135 133
Y 32 27 19 32 28 26
Ba 177 51 265 197 60 69
Isotope values calculated from data obtained by Isotope Dilution Analyses
8 Nd 
87Sr/86Sr
Instrumental Neutron Activation Analysis, ppm; Inductively Coupled Plasma Mass
La 27.2 22.4
Spectrometer, ppm
20.5 27.8 20.4 20.2
Lu 0.4 0.4 0.3 0.4 0.4 0.4
Sm 7.2 6.4 5.3 7.3 6.0 6.0
U 0.8 0.7 0.9 0.8 0.7 0.6
Yb 2.74 2.63 1.91 2.77 2.46 2.47
Ce 56.5 46.6 41.5 57.5 42.0 42.2
Cs 0.69 0.53 0.8 0.69 0.41 0.3
Eu 2.24 2.08 1.62 2.25 2.02 1.97
Hf 5.47 4.71 3.48 5.51 4.26 4.3
Nd 30.04 25.44 22.5 29.73 23.66 23.91
Ta 1.5 1.38 0.69 1.51 1.2 1.19
Tb 1.07 0.98 0.73 1.06 0.91 0.91
Pr 7.01 5.77 5.18 6.96 5.32 5.33
Dy 6.07 5.84 4.25 6.34 5.55 5.55
Th 2.29 1.97 2.77 2.33 1.86 1.82
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Sample # X16-10-94 XI7-10-94 XI8-10-94 X19-10-94 X12b
flow III III III III IV
rock type bas-and bas-and bas-and bas-and bas-and
Si02
X-Ray Fluorescence Analysis, wt. % 
50.10 51.05 50.86 51.21 55.81
AI2O3 15.51 15.98 15.80 16.04 16.03
TI02 1.81 1.87 1.91 1.94 1.09
FeO 9.63 10.22 10.26 10.20 7.65
CaO 8.28 8.71 8.46 8.51 7.78
K2O 1.10 1.12 1.15 1.18 1.20
MnO 0.16 0.15 0.15 0.15 0.13
P2O5 0.47 0.46 0.52 0.52 0.27
Na20 3.45 3.76 3.79 3.85 3.73
MgO 9.39 9.01 8.79 8.73 7.83
Total 99.89 102.34 101.69 102.32 101.52
Cr
X-Ray Fluorescence Analysis, ppm 
300 282 287 263 213
Zr 225 222 230 235 172
Rb 19 15 15 16 19
Sr 558 511 513 498 517
Nb 17 17 17 18 10
Ni 135 154 135 145 152
Y 29 27 28 28 18
Ba 190 118 117 151 209
Isotope values calculated from data obtained by Isotope Dilution Analyses
8 Nd
87Sr/86Sr 0.70352
Instrumental Neutron Activation Analysis, ppm; Inductively Coupled Plasma Mass
La 19.8
Spectrometer, ppm 
20.3 22.0 23.1 19.5
Lu 0.4 0.4 0.4 0.4 0.3
Sm 6.0 6.1 6.4 6.7 5.2
U 0.7 0.6 0.7 0.7 0.9
Vb 2.45 2.43 2.53 2.70 1.96
Ce 41.7 41.9 46.1 48.3 39.7
Cs 0.25 0.41 0.38 0.55 0.8
Eu 1.95 2.02 2.08 2.14 1.62
Hf 4.34 4.31 4.6 4.75 3.49
Nd 23.54 23.66 25.3 26.81 21.73
Ta 1.23 1.19 1.28 1.37 0.69
Tb 0.92 0.9 0.98 1.03 0.75
Pr 5.3 5.31 5.75 6.06 5.07
Dy 5.53 5.58 5.86 5.99 4.28
Th 1.86 1.87 1.95 2.01 2.55
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Appendix IV
Analytical Techniques: Data Precision and Accuracy
Analytical techniques are described in detail in Chapter 4. Presented here 
are tables reporting accurracy and precision for major and trace element analyses 
done by X-ray fluorescence. Instrumental Neutron Activation Analysis, and 
Inductively Coupled Plasma Mass Spectrometry.
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Table 1. Calibration standards used for the Rigaku 3030 X-ray Fluorescence 
Spectrometer. Standards are from the United States Geological Survey except 
AL-1 which is a French standard (Govindaraju, 1994).
Major Elements
SCO-1
STM-1
GSP-1
DNC-1
RGM-1
BHVO-1
PCC-1
AGV-1
QLO-1
AL-1
Trace Elements
G-2
W-2
BIR-1
RGM-1
QLO-1
BHVO-1
PCC-1
SCO-1
AGV-1
DNC-1
Table 2. Accuracy for the Rigaku 3030 X-ray Fluorescence Spectrometer. 
Standard BIR-1 was used as a reference for major elements, Cr, and Ni, while 
MAG-1 was used for the remaining trace elements.
Element % error
Si02 0.23
A1203 0.51
Ti02 0.28
FeO 0.37
CaO 0.72
K20 31.11
MnO 6.02
P205 62.83
Na20 7.04
MgO 0.76
Cr 4.90
Ni 1.02
Zr 2.77
Rb 0.95
Sr 0.42
Nb 30.93
Y 6.09
Ba 5.25
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Table 3. Precision for the Rigaku 3030 X-ray spectrometer for major and trace 
elements. Data is reported for ten replicate analyses using U.S.G.S. standards 
BIR-1 for major elements, Cr, and Ni, and MAG-1 for the remaining trace 
elements.
Element Published Mean of 10 rep­ Standard Mean relative
wt % value licate analyses deviation % error
Si02 47.77 47.66 0.56 1.17
A1203 15.35 15.43 0.14 0.93
Ti02 0.96 0.96 0.03 2.91
FeO 11.26 11.30 0.33 2.93
CaO 13.24 13.34 0.21 1.55
K20 0.027 0.04 0.00 11.62
MnO 0.171 0.16 0.00 3.09
P205 0.046 0.07 0.01 19.11
N a20 1.75 1.87 0.11 5.83
MgO 9.68 9.61 0.20 2.09
Cr 382 400.73 17.70 4.42
Ni 166 167.70 7.55 4.50
Zr 126 129.49 2.09 1.61
Rb 149 147.58 3.78 2.56
Sr 146 146.62 1.24 0.85
Nb 12 15.71 0.97 6.20
Y 28 29.71 1.85 6.21
Ba 479 504.16 25.26 5.01
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Table 4. Accuracy for INAA (instrumental neutron activation analyses). U.S.G.S. 
standard BHVO-1 was used as a reference.
Element % error
Ba 0.72
La 0.63
Lu 30.00
Sm 4.35
Yb 10.40
Ce 1.03
Cr 1.38
Eu 4.37
Hf 6.85
Sc 2.83
Ta 0.81
Tb 5.21
Th 4.63
Table 5. Precision for INAA of trace elements. Data reported is from four 
replicate analysis of U.S.G.S standard BHVO-1.
Element Published Mean of 4 rep­ Standard Mean r«
ppm value licate analysis deyiation % error
Ba 139 140 16.10 11.5
La 15.8 15.7 0.44 2.8
Lu 0.4 0.28 0.06 19.8
Sm 6.2 6.47 0.15 2.3
Yb 2.02 1.81 0.07 3.8
Ce 39 39.4 4.49 11.4
Cr 289 293 7.33 2.5
Eu 2.06 1.97 0.12 5.9
Hf 4.38 4.68 0.08 1.7
Sc 31.8 30.9 0.37 1.2
Ta 1.23 1.24 0.09 7.6
Tb 0.96 0.91 0.11 12.3
Th 1.08 1.13 0.18 16.3
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Table 6. Accuracy for the Inductively Coupled Plasma Mass Spectrometer (ICP- 
MS). U.S.G.S standard BHVO-1 was used as a reference.
Element Published WSU ICP- % error
pprri value MS value
Ba 139 133 4.32
La 15.8 15.65 0.95
Ce 39 37.07 4.95
Sm 6.2 6.2 0
Eu 2.06 2.12 2.91
Tb 0.96 0.96 0
Yb 2.02 2.02 0
Lu 0.29 0.28 3.45
Hf 4.38 4.34 0.91
Ta 1.23 1.25 1.63
Th 1.08 1.25 15.74
Table 7. Precision for the (ICP-MS). Data reported is from twenty-four replicate 
analysis of Washington State in-house standards BCR-P.
Element Mean of 24 rep­ Standard Mean r«
ppm licate analysis deyiation % error
Ba 670 13 1.89
La 26.26 0.49 1.86
Ce 51.67 0.62 1.2
Sm 7.03 0.15 2.07
Eu 2.13 0.05 2.48
Tb 1.17 0.01 1.12
Yb 3.36 0.03 0.94
Lu 0.52 0.01 1.9
Hf 4.67 0.07 1.47
Ta 0.82 0.02 2.7
Th 5.13 0.49 9.5
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